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ABSTRACT 
 
 Arabidopsis thaliana is a model organism used for genetic, molecular, and 
biochemical analyses of higher plant processes.  Leaf hairs (trichomes) on the surface 
of Arabidopsis leaves are macroscopic single cells that develop by elaborate cell 
expansion and differentiation of the epidermis.  Arabidopsis trichomes provide an 
excellent model to study plant cell expansion and differentiation and the cell cycle.   
 Upon maturation, an Arabidopsis trichome becomes a branched, stellate 
structure with a highly birefringent cell wall.  Arabidopsis mutants have been isolated 
that have trichomes that look glassy and have reduced birefringence.  CONSTITUTIVE 
PATHOGEN RESISTANCE5 (CPR5) is a previously isolated Arabidopsis gene 
observed to have trichomes with reduced branching.    Work presented here shows cpr5 
trichomes to have reduced birefringenceand leaves to have less paracrystalline 
cellulose.  The leaves, stems, and roots of  cpr5 plants have defects in cell expansion.  
The cells of cpr5 leaves prematurely stop expanding, resulting in leaves that are much 
smaller than wild-type leaves.  Stem and root cells of cpr5 plants have reduced polar 
expansion, resulting in longitudinally shorter cells.  The roots of cpr5 plants grow at a 
slower rate than wild-type roots.  In trichome development, CPR5 acts downstream of 
genes involved in trichome initiation.  Synthetic genetic interactions between CPR5, 
TRIPTYCHON, and NOECK (NOK)  suggest these three genes might interact to control 
trichome cell expansion. 
  An allele of NOK was isolated in a screen of cpr5-2 phenotypic modifiers.  
Trichomes on nok plants are extrabranched, glassy, and have reduced birefringence.  
NOK maps to the top of chromosome three.  Additionally, a novel 4-branched trichome 
mutant was identified in the modifier screen and would be classified as an asymetric 
branch mutant.  This mutation maps to the top of chromosome one.  In a separate 
screen, a novel glassy trichome mutant called DEFLATED TRICHOMES (DFT) was 
isolated because the trichomes had collapsed cell walls.  Trichomes on dfl plants also 
have reduced birefringence.  DFT maps to the top of chromosome five.  Further 
characterization of NOK and DFT is integral to understanding the degree to which the 
glassy trichome phenotype is indicative of the nature of the protein. 
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CHAPTER 1.  INTRODUCTION 
 
 
1.1  Arabidopsis thaliana as a Model Organism    
 
 Arabidopsis thaliana is a small, annual, flowering plant belonging to the mustard 
family, Brassicaceae.  To many it is a weed which would be pulled if found among the 
grass in your front yard.  However, to many plant scientists, Arabidopsis is ideally suited 
to study plant process of interest (Meyerowitz and Somerville, 1994; Anderson and 
Roberts, 1998).  Unlike many other plant species studied, Arabidopsis is not a crop 
plant, however, perhaps the most important implication of Arabidopsis as a plant model 
organism is the insight it could provide into agriculturally important plant species, such 
as corn and cotton (Meyerowitz and Somerville, 1994; Anderson and Roberts, 1998).   
 There are many advantages to using Arabidopsis for research versus a crop 
plant.  First of all, Arabidopsis has a short generation time.  It takes approximately 7 
weeks, under controlled conditions, to go from seed to seed.  Secondly, Arabidopsis 
can grow inside in a growth chamber or in a greenhouse.  These first two qualities 
enable Arabidopsis to be grown year round.  In addition, a full grown Arabidopsis plant, 
takes up approximately 1000 cm3 of space (5 x 5 x 40), which is a fairly small space 
compared to corn (~1152000 cm3, 80 x 80 x 180) or cotton.  Arabidopsis plants also 
require minimal care with regard to watering and fertilizing. 
 In 1943, Friedrich Laibach was first to conduct deductive experiments to 
determine the number of somatic and meiotic chromosomes and to recognize the 
significance of Arabidopsis as a research tool (Redei, 1992).  Initial uses of Arabidopsis 
in the 1960s were for classical genetic studies.  In 1983, Maarten Koornneef and 
colleagues published the first genetic linkage map of Arabidopsis (Koornneef et al., 
1983).  The ease of large scale mutant screens with chemical, radiation, and insertional 
mutagenesis makes Arabidopsis attractive for the isolation of mutants defective in 
various plant processes (Meyerowitz and Somerville, 1994).  Once grown, Arabidopsis 
can be outcrossed or self-fertilized and produce up to 10,000 seeds per plant (Bowman, 
1994). 
 Arabidopsis has 5 chromosomes containing about 125 million base pairs.  The 
genomic sequence has been published (Lin et al., 1999; Mayer et al., 1999; Theologis 
et al., 2000; Salanoubat et al., 2000; Tabata et al., 2000).  By comparing the genomic 
sequence to those of other plant species and other organisms with partially or 
completely known genomic sequence, it was possible to determine what sequences in 
Arabidopsis shared similarity with other species and then to deduce the probable 
functions of the genes (The Arabidopsis Genome Initiative, 2000).  In Arabidopsis, 
approximately 30% of the 25,498 predicted gene products have unknown function (The 
Arabidopsis Genome Initiative, 2000).  The genomic sequence is annotated and 
accessible online through the The Arabidopsis Information Resource (TAIR; 
http://www.arabidopsis.org/).  The database has expedited the process of finding a 
favorite plant gene of interest in the Arabidopsis genome.  For example, there are 118 
basic helix-loop-helix (bHLH) proteins found in the database by doing a gene search.  It 
is also possible to BLAST a DNA sequence against the Arabidopsis genome to see if 
the DNA sequence has similarity to a gene in Arabidopsis (Altschul et al., 1990).   
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 Almost every higher plant process can be studied in Arabidopsis (Meyerowitz 
and Somerville, 1994).  Plant development from embryogenesis to vegetative growth to 
reproductive growth is studied in Arabidopsis at the whole plant, cellular, and/or 
molecular level (Anderson and Roberts, 1998).  Vegetative and reproductive organs are 
conspicuous and can be viewed by eye, dissection scope, light microscopy or electron 
microscopy.  Microscopy and molecular techniques allow imaging of the cytoskeleton, 
organelles, DNA, and proteins within the cell (Ruzin, 1999).  Classical and molecular 
genetics have been instrumental to studying the development of Arabidopsis (Steeves 
and Sussex, 1989; Koncz et al., 1992; Howell, 1998).  For all these reasons, 
Arabidopsis was chosen as the model organism for the work presented in this 
dissertation. 
 
 
1.2  Arabidopsis thaliana Leaf Trichome as a Model Cell 
 
 Arabidopsis trichomes (trichos, Gr. hair) are macroscopic single cells found on 
the epidermal surface of leaves, stems, and sepals.  Leaf trichomes are the most easily 
and commonly studied because they are on the leaf surface and arise earlier in 
development than the stem or sepal trichomes.  Leaf trichomes are among the first cells 
on the leaf surface to fully differentiate and the only cells to elongate perpendicular to 
the epidermal surface. 
 Studies of trichomes on other plants suggest several possible purposes for 
trichomes.  For some plants, leaf pubescence increases reflectance of solar radiation 
(Liakoura et al., 1999), lowers leaf temperatures (Klich, 2000), lowers rates of water loss 
and facilitates photosynthetic gas exchange (Schreuder et al., 2001).  Some plants, 
such as those of the mint family, have glandular trichomes that secrete substances and 
contain volatile oils (Ascensão et al., 1995), however, Arabidopsis does not have 
glandular trichomes. Arabidopsis trichomes have a stellate shape that mayact like 
barbed wire to prevent consumption of the leaf by herbivores as is the case for other 
plants (Fordyce and Agrawal, 2001).  With various trichome mutants available, it would 
certainly be possible to experimentally test hypotheses relating to the purpose of 
trichomes on Arabidopsis.  Maurico and Rausher (1997) have shown, in the absence of 
natural enemies, Arabidopsis plants produce fewer trichomes and the protective effects 
of trichome density to be a fitness cost to the Arabidopsis plant.  Arabidopsis leaf 
trichomes contain a single nucleus with more than the diploid level of DNA.  The 
increased amount of DNA in the trichome is due to endoreduplication, the process of 
replicating the DNA without cytokinesis.  Typically, the DNA in a trichome will undergo 
four rounds of endoreduplication resulting in 32 copies (32C) of the genome contained 
within the one nucleus (Melaragno et al., 1993).  The amount of endoreduplication is 
correlated to cell size and nuclear volume (Melaragno et al., 1993).  Trichome mutants 
altered in cell size often have altered levels of nuclear DNA (Hülskamp et al., 1994; 
Perazza et al., 1999; Walker et al., 2000).  The purpose or mechanism for why 
endoreduplication occurs in plant cells have not yet been determined nor is it clear as to 
the timing of the increase in cell size and increase in nuclear DNA content.  Several 
hypotheses regarding the purpose of endoreduplication have been summarized by 
Galbraith et al. (1991). 
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 Since Arabidopsis trichomes contain endoreduplicated DNA, the cell cycle has to 
be able to bypass mitosis several times during the course of trichome development.  
Arabidopsis trichomes have recently become a model to study the cell cycle.  
Multicellular trichomes are made in siamese (sim) mutants (Walker et al., 2000), which 
demonstrate the possibility of isolating mutants with disrupted cell cycles.  Work by 
Schnittger et al., 2002, shows that ectopic expression of the mitotic cyclin CYCLIN B1;2  
switches endoreduplicating trichomes into multicellular trichomes.  They also 
demonstrated that CYCLIN B1;2 mRNA was undetectable in the sim mutant from 
Walker et al. (2002) (Schnittger et al., 2002).  Determining the nature of the sim 
mutation is a current focus of the Larkin research group, with cloning of SIM and 
isolation of suppressors and modifiers of the sim phenotype. 
 Development of the cell wall and secondary wall formation is also being studied 
in Arabidopsis trichomes .  In an attempted saturation mutagenesis screen for trichome 
mutants, one class of mutants isolated was designated “glassy” for having transparent 
instead of opaque trichomes (Hülskamp et al., 1994).  In a separate screen for mutants 
with altered patterns of cellulose deposition, at least one mutant, trichome birefringence, 
was isolated with leaf and stem trichomes that lacked strong birefringence under 
polarized light and had reduced levels of paracrystalline cellulose (Potikha and Delmer, 
1995).  Birefringence is a characteristic of plant cells which contain highly ordered cell 
wall cellulose microfibrils (Potikha and Delmer, 1995).  In other mutant screens, various 
glassy mutants have been isolated.  These glassy trichome phenotype may represent 
cell wall defects.  Three glassy tricome mutants will be presented in Chapters 2 and 3 of 
this dissertation. 
 
 
1.3  Arabidopsis thaliana Leaf Trichome Cell Development 
 
 Trichomes are one of many types of cells on the surface of Arabidopsis leaves.  
Commitment to a trichome cell fate (often referred to as trichome initiation) occurs in 
specificed epidermal cells very early during leaf development.  Incipient trichomes can 
be seen on a developing leaf of a mere 100µm as swollen cells emerging from the 
epidermis.  Current methods of examining early developing trichomes by light and 
electron microscopy can provide static snapshots of trichome development.  From these 
snapshots it is clear that trichomes begin as epidermal cells that enlarge within the 
plane of the epidermis.  Then, the trichome cell expands outward from the leaf surface, 
perpendicular to the epidermis.  Wild-type leaf trichomes are branched, and the first 
branch point is initiated from the trichome stalk shortly after emergence from the 
epidermis.  Subsequent branchpoints form on existing branches of the developing 
trichome while expansion continues.  See the Development paper by Szymanski et al. 
(1998) for images of developing trichomes.    
 Trichomes are among the first cells to fully differentiate on leaf primordia of 
Arabidopsis thaliana and are an established model for studying cellular morphogenesis.  
These macroscopic plant cells have lent themselves to the study of epidermal cell fate 
and patterning, cell expansion, endoreduplication, and secondary cell wall synthesis 
(Marks, 1997; Larkin et al., 2003), and several genes have been identified as being 
required for wild-type trichome development.  Trichome initiation fails to occur in 
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glabrous1 (gl1) mutants producing leaves with no trichomes and leaves are almost 
devoid of trichomes on the leaves of strong mutant alleles of transparent testa glabra1 
(ttg1) (Koornneef, 1981; Koornneef et al., 1982).  Trichomes form on glabra3 plants but 
they are less branched than wild-type trichomes and are thinner (Payne et al., 2000).  
GL1 encodes a member of the Myb family of transcriptional regulators and has 2 Myb 
DNA binding domains at the N-terminus (Oppenheimer et al., 1991).  TTG1 encodes a 
WD40 repeat protein (Walker et al., 1999).  WD40 repeat domains are protein-protein 
interactions domains (Neer et al., 1994).  Yeast two-hybrid assays show GL1 and TTG1 
physically interact with GL3, but not with each other (Payne et al., 2000).  GL3 encodes 
a basic helix-loop-helix protein and thought to be a transcription factor similar to the 
maize R protein (Payne et al., 2000).  Basic helix-loop-helix proteins commonly dimerize 
with other bHLH proteins to form homo- or heterodimers that then interact with other 
proteins.  It was demonstrated by Payne et al. (2000) in a yeast two-hybrid assay that 
GL3 interacts with itself and other bHLH proteins.  A preliminary model for trichome 
initiation involves the dimerization of GL3 and another bHLH, perhaps 146D23T7 
(another R homologue), and interaction of GL1 and TTG1 with the bHLH dimer such 
that GL1 and TTG1 do not interact with each other (Figure 1.1; Payne et al., 2000; 
Larkin et al., 2003).  Despite GL1 containing Myb DNA binding domains and may be a 
transcription factor, no genes have been shown to be under the control of GL1.  
Microarray analysis may reveal these genes if indeed GL1 has such a role.  One gene 
possibly under the control of the trichome initiation complex is GLABRA2 (GL2).  Mutant 
gl2 plants exhibit trichomes that fail to emerge from the epidermis and overexpand in 
the epidermal plane.  GL2 encodes a member of the homeodomain family of 
transcription factors and is likely involved in regulating polarized cell outgrowth of the 
trichome from the epidermis (Rerie et al., 1994). 
 Trichome initiation only occurs in about 0.2% of the epidermal cells present on 
the adaxial leaf surface.  Trichomes also arise in a nonrandom pattern such that no two 
trichomes form side by side (Hülskamp et al., 1994; Larkin et al., 1996).  To prevent 
neighboring epidermal cells from becoming trichomes, a lateral inhibition pathway has 
been proposed to occur analogous to the developmental pathway regulating the 
formation of bristles in Drosophila (Ghysen et al., 1993).  In bristle formation, a single 
cell from a cluster of totipotent epidermal cells becomes the sensory mother cell and 
upon doing so inhibits the rest of the cells in the cluster from becoming a sensory 
mother cell (Simpson, 1990).  Notch/Delta signaling is responsible for this lateral 
inhibition and disruption of this signaling results in the formation of adjacent sensory 
mother cells.  Likewise in Arabidopsis, mutating TRIPTYCHON (TRY) appears to 
disrupt the lateral inhibition signal that controls trichome initiation resulting in trichome 
formation in adjacent cells (Hülskamp et al., 1994; Schnittger et al., 1999).  TRY 
encodes a protein with a MYB-related DNA binding domain but lacks an activation 
domain typical of other MYB transcription factors (Schellmann et al., 2002).  TRY is 
thought to repress trichome formation in neighboring cellsby interfering with the 
interaction between GL1 and the bHLH proteins (Scheres, 2002; Larkin et al., 2003).  
Experimental data from Szymanski and Marks (1998) and Schnittger et al. (1998) 
provide a glimpse into the involvement of the TRY and the cell cycle in the lateral 
inhibition of trichome development.  Overexpressing GL1 in try plants results in the 
formation of subepidermal trichomes on leaves and trichome formation on cotyledons.   
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This phenotype is dependent on the homozygosity of try.  In addition to the clustering of 
trichomes on try leaves, the trichome nuclei undergo more endoreduplication than wild-
type trichomes.  Together, these data suggest a link between the cell cycle and the 
inhibition pathway.  Perhaps the relaxation of some cell cycle checkpoint with a 
mutation in TRY extends the boundaries of cell competency for trichome formation 
(Szymanski and Marks, 1998).  Another gene, COTYLEDON TRICHOME1 (COT1), is 
involved trichome inhibition.  In overexpressing GL1 plants with a COT1 mutation, 
trichomes form on the cotyledons and support cells become trichomes on later leaves 
(Szymanski et al., 1998).  Trichome formation on the cotyledons and later leaves is 
enhanced in 35S::GL1 cot1 try plants suggesting COT1 and TRY act independently to 
inhibit trichome formation (Szymanski et al., 1998).   
 Following the initiation of trichome development is coordinated expansion and 
branching of the cell.  This differentiation requires constant reorganization of the 
cytoskeleton and synthesis of cell wall polymers.  The cytoskeleton can be viewed with 
the Green Fluorescent Protein (GFP) attached to a microtubule associated protein 
(MAP4) or an actin binding protein (talin) and immunolocalization using anti-tubulin and 
anti-actin antibodies.  The microtubule and actin cytoskeletons have been viewed in 
wild-type and various mutant trichomes in the presence and absence of 
pharmacological disrupting or stabilizing agents (Mathur et al., 1999; Szymanski et al., 
1999; Mathur and Chua, 2000; Szymanski, 2001).  From this work it is clear the 
cytoskeleton plays an integral role in  the formation of a trichome.  The microtubule 
cytoskeleton appears to be involved in the polar expansion of the trichome out from the 
epidermis and branching of the trichome.  A dense mesh of transverse microtubules can 
be seen at the tip of a stage 1 initiating trichome and where branch initiation occurs on 
the developing trichome (Mathur and Chua, 2000).  Initiating and early developing 
trichomes become radially swollen, expanding isotropically in the presence of the 
microtubule depolymerizing agent oryzalin supporting the hypothesis that microtubules 
are needed for the anisotropic polar expansion of the trichome out from the epidermis 
(Mathur and Chua, 2000).   
 Several trichome mutants have been isolated with disrupted cytoskeletons and 
reduced branching is a common phenotype.  A mutation in a kinesin-like calmodulin 
binding motor protein (AtKCBP; Song et al., 1997), ZWICHEL (ZWI), results in 
trichomes that have a shorter stalk and 2 branches oriented 180˚ relative to each other 
and parallel to the long leaf axis (Oppenheimer et al., 1997).  Trichomes on zwi leaves 
might be expected to have a defective microtubule cytoskeleton, however, 
35S::GFP::MAP4 expression looks like wild-type trichomes with transverse to oblique 
microtubules up the longitudinal axis of the trichome stalk and branches (Mathur and 
Chua, 2000).  Microtubule stabilization with the drug paclitaxel in zwi trichomes led to 
the initiation of new branch points forming 3-branched trichomes supporting the 
hypothesis that microtubules are necessary for trichome branch initiation (Mathur and 
Chua, 2000).  High concentrations of bundled aster-like microtubules can be seen at 
branch points and are proposed to be microtubule organizing centers dictating growth 
reorientation in that area of the developing trichome (Mathur and Chua, 2000).  In a 
yeast two-hybrid assay, ZWI is shown to interact with ANGUSTIFOLIA (AN) (Folkers et 
al., 2002).  Trichomes on an leaves are 2-branched, very similar to zwi.  Cortical 
microtubules in an trichomes are organized like rings of a barrell up the trichome stalk 
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and out the branches like wild-type but lack the dense collection of microtubules found 
in the tips of the branches (Folkers et al., 2002).  AN encodes a CtBP/BARS protein that 
could be responsible for linking Golgi derived vesicle transport along microtubules 
driven by motor proteins such as ZWI (Kim et al., 2002; Folkers et al., 2002).  Since 
MERI5, a xyloglucan endotransglucosylase probably involved in cell wall loosening, was 
upregulated in an leaves, MERI5 might represent a cell wall component transported to 
the cell wall by the Golgi controlled by AN during leaf cell development (Kim et al., 
2002).  Similar to an and zwi, trichomes on fragile fiber2 (fra2) are 2-branched (Burk et 
al., 2001).  FRA2 encodes a microtubule severing protein and is required for normal 
cortical microtubule formation and the oriented deposition of cellulose microfibrils (Burk 
et al., 2001; Burk and Ye, 2002). 
 Several other genes have been identified as having altered branching when 
mutant, yet it is not known what they encode.  There are 3 genes identified as being 
allele-specfic SUPPRESSORs OF ZWICHEL-3  (SUZ1, SUZ2, SUZ3) because they 
restore or bypass the need for ZWI in trichome branch formation (Krishnakumar and 
Oppenheimer, 1999).  Only suz2 has an altered phenotype in the absence of zwi, 
displaying a slight increase in branch number compared to wild-type (Krishnakumar and 
Oppenheimer, 1999).  There are four FURCA loci (FRC1, FRC2, FRC3, FRC4) that all 
have predominantly 2-branched trichomes similar to zwi (Luo and Oppenheimer, 1999).  
Double mutants involving most pairwise combinations of FURCA loci result in 
unbranched trichomes suggesting that these loci are positive regulators of branch 
formation and that multiple pathways are involved in branch formation (Luo and 
Oppenheimer, 1999).  FRC2 is an allele of FRA2.   
 Two branchless (unbranched) mutants may be involved in establishing the 
trichome cytoskeleton required for branching.  Mutations in STICHEL (STI) and SPIKE1 
(SPK1) result in predominantly long, unbranched trichomes.  Trichomes on spk1 are 
occasionally 2-branched like zwi (Qiu et al., 2002).  The cytoskeleton in sti mutants is 
normal, and like zwi mutants, can be made to branch in the presence of paclitaxel, a 
microtubule stabilizer (Mathur and Chua, 2000).  STICHEL encodes a protein containing 
a domain with sequence similarity to the ATP-binding eubacterial DNA-polymerase III γ-
subunits though DNA levels in sti trichomes is normal, so this domain likely has a 
different function in plants (Ilgenfritz et al., 2003).  STICHEL also contains a nuclear 
localization signal suggesting it functions in the nucleus, however there is no direct 
evidence for nuclear localization (Ilgenfritz et al., 2003).  The hypothesis set forth by 
Ilgenfritz et al. (2003) is that STICHEL acts to coordinate the formation of protein 
complexes involved in trichome branch initiation.  Qui et al. (2002) noted the trichome 
phenotype of spk1 but was unable to view the cytoskeleton in the trichomes.  However, 
lobe formation in epidermal pavement cells does not occur in spk1 (Qiu et al., 2002).  
The microtuble cytoskeleton of a spk1 epidermal cell is randomly distributed throughout 
the cell unlike wild-type epidermal cells that have bundles of microtubules clustered 
where lobes form.  The actin cytoskeleton appears normal in spk1 (Qiu et al., 2002).  
SPIKE1 encodes a protein with a conserved CDMS domain and 2 MOD domains (Qiu 
et al., 2002).  The family of genes containing CDMS domains are hypothesized in 
animals to be adaptor proteins that mediate cytoskeletal rearrangements in response to 
various signals (Hasegawa et al., 1996; Erickson et al., 1997).  Given the spk1 
epidermal cell cytoskeletal phenotype, the trichome phenotype and the presence of a 
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CDMS domain, Qiu et al. (2002) hypothesize that SPIKE1 regulates the organization of 
the interphase microtubule array.  The ability of microtubule stabilizing drugs to rescue 
the phenotype of spike1 mutants has not been tested. 
 The actin cytoskeleton appears to be involved the extension of the stalk and 
branches following the initial expansion of the trichome outward from the epidermis and 
then following branch initiation.  Disrupting F-actin organization with cytochalasin D 
results in trichomes with misplaced branches and branches that are not fully extended 
and serpentine (Szymanski, et al., 1999).  This phenocopyies the distorted group of 
trichome mutants (Szymanski, et al., 1999).  The actin cytoskeleton in distorted 
trichome mutants such as gnarled, alien, wurm, klunker and distorted1 have been 
shown to have an altered density of actin microfilaments and/or organization of 
microfilaments (Mathur and Chua, 1999; Szymanski et al., 1999). 
During extension and branching of the cell, the nuclear DNA undergoes 
successive rounds of replication without cell division, a process referred to as 
endoreduplication that requires control of the cell cycle.  Mutants have been isolated 
with phenotypes suggestive of a role for the gene mutated in endoreduplication.  Plants 
mutant for SIAMESE (SIM) produce multicellular trichomes often found in pairs on 
leaves (Walker et al,. 2000).  Wild-type trichomes are unicellular, and to go from 
unicellular to multicellular with a mutation in one gene suggests SIAMESE is a key 
regulator in the transition from G2 to M phase of the cell cycle.  In wild-type trichomes, 
M phase is bypassed several times with no cell division occurring once the cell has 
commited to endoreduplicating its DNA resulting in a single cell containing several 
copies of the genome.  A siamese trichome is composed of several cells each 
containing on average 8 copies of the genome, 4 times less endoreduplicated DNA than 
wild-type trichomes (Walker et al., 2000).  In siamese trichomes, M phase is bypassed 
fewer times resulting in less DNA per cell but the cells eventually go through mitosis and 
cytokinesis resulting in multicellular trichomes.  Trichome mutants in Arabidopsis that 
have smaller/less branched trichomes also have a reduced amount of nuclear DNA 
(Walker et al., 2000; this study).  For example, gl3 trichomes are predominantly 2-
branched and contain an average 14 copies of the genome, equivalent to about 3 
rounds of endoreduplication (Walker et al., 2000).  Most mutants with 
larger/extrabranched trichomes have an increase in the amount of nuclear DNA 
(Perazza et al., 1999; this study).  Trichomes on try are larger and extrabranched and 
contain on average 61 copies of the genome, undergoing an extra round of 
endoreduplication than wild-type trichomes (Hülskamp et al., 1994; Walker et al., 2000; 
this study).  Other mutants have been isolated that are extrabranched and also have an 
increase in DNA content such as alleles of SPINDLY (SPY), KAKTUS (KAK), 
POLYCHOME (PYM), and RASTAFARI (RFI) (Perazza et al., 1999).  It has been 
proposed that endoreduplication is correlated to trichome branching, such that 
extrabranched trichomes contain more DNA and less branched trichomes contain less 
DNA (Folkers et al., 1997).  Misexpression of ICK1 (a cyclin dependent kinase inhibitor) 
in trichomes results in trichomes that are predominantly 2-branched and contain on 
average 8 copies of the genome (Schnittger et al., 2003).  This is significant because 
ICK1 is a cyclin-dependent kinase inhibitor protein and presumably the pGL2::ICK1 
targeted cell cycle progression in the trichomes resulting in smaller, less-branched  
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trichomes with less DNA.  This corroborates the hypothesis that branch initiation is 
dependent on the DNA content of the cell (Schnittger et al., 2003; Folkers et al., 1997).    
 Upon completion of cell expansion, a wild-type trichome appears opaque with a 
papillate surface.  Certain Arabidopsis mutants possess translucent trichomes with a 
“glassy” appearance, suggesting that the trichome cell wall has been altered (Hülskamp 
et al., 1994; Potikha and Delmer, 1995).  A mutation in TRICHOME BIREFRINGENCE 
(TBR) results in trichomes that appear to have wild-type branching but are glassy 
instead of opaque (Potikha and Delmer, 1995).  Trichomes on tbr leaves were shown to 
have a 5-fold reduction in paracrystalline cellulose in the cell walls and to have reduced 
birefringence (Robinson and Bradburg, 1992) indicating alterations in the composition 
and architecture of the cell wall (Potikha and Delmer, 1995).  Mutations in NOECK 
(NOK) result in glassy trichomes that are extra-branched (Folkers et al., 1997).  
Mutations in CONSTITUTIVE PATHOGEN RESISTANCE5 (CPR5) result in glassy 
trichomes that have reduced branching (Bowling et al., 1997; Boch et al., 1998; Yoshida 
et al., 2002).  It is not yet known what TBR and NOK encode.  CPR5 encodes an 
unknown protein.  Glassy trichome mutants, including cpr5, tbr and nok, are candidates 
for genes involved in secondary cell wall biosynthesis in trichomes.  In Chapter 2 of this 
dissertation, work on the trying to determine the function of CPR5 will be presented.  In 
Chapter 3 of this dissertation, the mapping and characterization of nok, a novel 
branching mutant, and a novel glassy mutant will be presented. 
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CHAPTER 2.  FUNCTION OF CONSTITUTIVE PATHOGEN RESISTANCE5 
 
 
2.1  Introduction 
 
Mutant alleles of CONSTITUTIVE PATHOGEN RESISTANCE5 (CPR5), a 
recently-described gene, result in plants with glassy trichomes of reduced size and 
branching.  The gene was initially identified in studies of disease resistance (Bowling et 
al., 1997; Boch et al., 1998).  Bowling et al. (1997) isolated cpr5-1 in a screen for 
constitutive expressers of a reporter gene construct containing the pathogenesis-related 
(PR) gene β-1,3-glucanase 2 (BGL2) promoter and the β-glucuronidase (GUS) coding 
region, while Boch et al. (1998) isolated cpr5-2 in a screen for suppressors of a 
pathogen-susceptible line carrying a mutation in the RPS2 resistance gene. CPR5 
appears to act just downstream of pathogen recognition and upstream of salicylic acid 
in a resistance pathway dependent on NONEXPRESSOR OF PATHOGENESIS 
RELATED GENES1 (Bowling et al., 1997).  In addition, Boch et al. (1998) showed that 
CPR5 activates PR gene expression in the RPS2-mediated pathway and not the RPM1-
mediated pathway.  The CPR5 gene has recently been isolated (Kirik et al. 2001; 
Yoshida et al., 2002) and shown to encode a protein with 5 potential transmembrane 
regions at the carboxy terminus, a bipartite nuclear localization signal at the amino 
terminus, and no sequence similarity to other known proteins (Figure 2.1).  Kirik et al. 
(2001) present evidence suggesting involvement of CPR5 in cell proliferation and cell 
death in the leaves.  Yoshida and co-workers show that cpr5 (hys1) mutants are hyper-
responsive to glucose and sucrose and prematurely accumulate senescence-
upregulated transcripts (Yoshida et al., 2002).  All cpr5 alleles thus far isolated exhibit 
early cotyledon senescence, have areas of localized cell death on the rosette leaves, 
and have trichomes that are glassy and reduced in size and branching (Bowling et al., 
1997; Boch et al., 1998; Kirik et al. 2001; Yoshida et al., 2002).    
In this study, consideration has been given as to how mutations in CPR5 can 
affect trichome development, disease resistance, senescence, sugar sensing, cell 
proliferation, and cell death.  The working hypothesis is that cpr5 mutations alter cell 
wall structure and/or composition which results in limited cell expansion.  Results of 
genetic, biochemical, histochemical, and microscopic morphological analyses presented 
here are consistent with the hypothesis that CPR5 is involved in polar cell expansion 
throughout the shoot and root.  Additionally, genetic evidence for the role of CPR5 in 
trichome development is presented. 
 
 
2.2  Involvement of CPR5 in Cell Expansion during Trichome Development 
 
 The initial evidence for the involvement of CPR5 in cell expansion came from the 
effect of cpr5 mutations on trichomes, a cell type that undergoes a dramatic program of 
cell expansion.  Plants homozygous for all known cpr5 alleles have glassy leaf 
trichomes that are reduced in size and branching (Bowling et al., 1997; Boch et al., 
1998; Kirik et al., 2001; Yoshida et al., 2002).  Leaf trichomes of cpr5-1 and cpr5-2 were  
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quantitatively shown to be smaller and less branched than those of wild-type (Figure 
2.2A-B, Table 2.1).  Wild-type first leaves predominantly had 3-branched trichomes 
(Figure 2.2A, Table 2.1).  First leaves on cpr5-1 plants predominantly had unbranched 
trichomes (Figure 2.2B, Table 2.1).  First leaves on cpr5-2 had predominantly 2-
branched trichomes (Figure 2.2C, Table 2.1).  The average length of the trichome stalk 
from the epidermal surface up to the first branch point was ~117µm for wild-type 
trichomes, whereas the stalk lengths of cpr5-2 trichomes averaged ~62µm and the 
lengths of cpr5-1 trichome stalks averaged ~70µm (Table 2.1).   
While wild-type trichomes were opaque and appeared white on the leaves, cpr5 
trichomes were transparent and appeared glassy.  Polarized-light microscopy was used 
to examine the birefringence of wild-type and cpr5 leaf trichomes (Figure 2.3) and stem 
cells.  Wild-type trichomes with ordered cellulose microfibrils in the cell walls will rotate 
polarized light, allowing parts of the trichome to be seen as bright against a dark 
background.  Wild-type trichomes showed strong birefringence whereas cpr5 trichomes 
showed reduced birefringence (Figure 2.3).  The cpr5 trichomes shown in Figure 2.3 are 
among the most birefringent mutant trichomes that have been observed.  Many cpr5 
trichomes exhibited no detectable birefringence.  Xylem birefringence observed in 
transverse stem sections was similar in cpr5 mutants and wild-type (data not shown). 
Cellulose organization in the cell wall is one factor that determines the amount of 
birefringence exhibited by a cell (Potikha and Delmer, 1995).  Using the Updegraff 
method (Updegraff, 1969), the paracrystalline cellulose content of cpr5 and wild-type 
leaves was determined.  There was 29% (p < 0.001) less paracrystalline cellulose in the 
rosette leaves of cpr5-1 than wild-type and 7% (p < 0.03) less paracrystalline cellulose 
in the rosette leaves of cpr5-2 than wild-type (Figure 2.4).  A mixture of acetic acid and 
nitric acid was used by Potikha and Delmer (1995) to successfully remove trichomes, 
however,it has not been possible to remove the trichomes from cpr5 leaves without 
destroying the integrity of the leaf.  Therefore, cellulose analysis of cpr5 trichomes alone 
has not been possible.  
 Courtesy of the Carbohydrate Research Center at the University of Georgia, the 
monosaccharide composition of cpr5-1 and wild-type leaf cell walls was determined.  
Cell walls of the mutant had slightly higher concentrations of glucose, galacturonic acid, 
xylose, rhamnose, arabinose and fucose.  Xylose (p < 0.05) and arabinose (p < 0.01) 
concentrations were significantly higher as determined by a paired t-test in mutant cell 
walls (Figure 2.5).  As further indication of cell wall alterations in cpr5 mutants, critical 
point drying for scanning electron microscopy caused cpr5-1 trichomes (Figure 2.2B 
inset) to often sink into the epidermis.  These sunken trichomes very rarely occurred 
with cpr5-2 and wild-type trichomes.  A similar trichome phenotype has been observed 
by Schnittger et al. (2003) but in pGL2:ICK1/KRP1 trichomes that were described as 
undergoing the initial stages of trichome cell death. 
  Hydrogen peroxide is implicated in signaling the onset of secondary wall 
differentiation in cotton fibers (Potikha and Delmer, 1999).  Mature Arabidopsis 
trichomes have a thick secondary cell wall similar to that of cotton fibers.  In 
collaboration with Dr. Regina McClinton at the University of Louisiana at Lafayette, there 
was shown to be a significant difference in the linear production of peroxide between 
wild-type and cpr5-1 callus cultures (p = 0.028).  Over a 1 hour time period, peroxide 
was produced approximately twice as fast in cpr5-1 as in wild-type (Figure 2.6).   
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Table 2.1  Branch Number and Stalk Length of Wild-Type and cpr5 Mutant Trichomes 
            Trichome Branch Points a 
                      Genotype                  0     1   2     3       Stalk length b 
Wild-Type (Col-0)     0    3.8   77.3   18.9   117±24 c 
  cpr5-1   60.9  36.8     2.3      0   70±17 d 
cpr5-2   1.1 65.5  33.3     0   62±7 e 
      a % of trichomes having the indicated number of branch points (1 branch point    
      indicates a trichome with two branches); N = 20 leaves. 
    b Measured in microns from the base of the trichome stalk to the midpoint of the first 
      branch point of branched trichomes. 
    c N = 24 trichomes. 
    d N = 16 trichomes. 
    e N = 21 trichomes. 
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Figure 2.4 Cellulose analysis of wild-type, cpr5-1, and cpr5-2 leaves.  Cellulose
content was measured by the Updegraff method (1969) of rosette leaves from 
uncrowded plants just beginning to bolt.  N = 9.  Standard deviations are shown for 
each.  Significant differences as determined by a paired T-test from wild-type are 
noted by an asterisk alongside the standard deviation bars.  There is less 
paracrystalline cellulose in cpr5-1 (p<0.001) and cpr5-2 (p<0.03) leaves than wild-
type leaves.  
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Figure 2.5  Monosaccharide composition of wild-type and cpr5-1 leaves.  
Monosaccharide composition of rosette leaves from uncrowded plants just 
beginning to bolt was measured as described in the Materials and Methods 
section of this chapter.  N = 3 per genotype.  Standard deviation for each is 
shown.  Significant differences from wild-type are noted by an asterisk.  
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Figure 2.6  Hydrogen peroxide production of wild-type and cpr5-1 callus.
Peroxide production was followed in 1-week old callus by incubating them
in dichlorodihydrofluorescein diacetate for 60 minutes.  2',7' Dichlorofluorescein,
the peroxide dependent oxidation product, was measured at ten minute 
intervals at 488nm excitation and 535nm emission wavelengths.  Con-W 
represents 2.5 mg/mL catalase in 0.1% DMSO added to wild-type callus; this 
control implicates hydrogen peroxide as the reactive oxygen species released
by the callus.  Shown are the average slopes of relative fluorescents units
over time and standard deviation for Col WT and cpr5-1.  
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2.3  Other Cells Were Defective in Cell Expansion and Division in cpr5 Mutants 
 
At maturity, cpr5 mutant plants were much smaller than wild-type plants (Figure 
2.7). This led to an investigation to determine if size and/or number of cells throughout 
the plant caused the reduction in plant size.  The number of adaxial epidermal cells on 
cpr5-1 first leaves was 33.6% that of wild-type, and 49.9% that of wild-type for cpr5-2 
(Table 2.2).  The average area of individual epidermal pavement cells was 63.8% that of 
wild-type for cpr5-1, and 55.4% that of wild-type for cpr5-2 (Table 2.2).  For whole 
leaves, cpr5-1 first leaves had a surface area 15.7% that of wild-type, while cpr5-2 first 
leaves had a surface area 31.6% that of wild-type (Table 2.2).  Comparing mutant and 
wild-type plants, there was no difference in the size of guard cells on the adaxial surface 
of first leaves (data not shown).  Thus, the reduced area of the epidermis is due to a 
reduction in both the number and size of the pavement cells.   
The sizes of mesophyll and palisade cells were compared in transverse sections 
of cpr5-1, cpr5-2, and wild-type leaves at two different ages.  In 2-week-old first leaves, 
wild-type cells were only slightly larger than cells of the cpr5 mutants (Figure 2.8A,C,E).  
In 4-week-old first leaves, epidermal pavement cells, palisade cells, and the spongy 
mesophyll cells of wild-type were larger than cpr5 mutants, and cpr5-2 cells were larger 
than cpr5-1 cells (Figure 2.8B,D,F).  A comparison of 2-week-old and 4-week-old first 
leaves within each genotype revealed a similar increase in cell size in wild-type leaf 
cells (Figure 2.8A,B) and cpr5-2 leaf cells (Figure 2.8E,F) from day 11 to 23, but little, if 
any, change in cell size was observed in cpr5-1 leaf cells (Figure 2.8C,D) during that 
period.  The leaf cells in wild-type and cpr5-2 continued to expand after cpr5-1 leaf cells 
had ceased expansion. 
 The 2-week-old 3rd/4th leaves were also compared on cpr5-1, cpr5-2, and wild-
type plants (Figure 2.8G,I,K), and on 4-week-old 3rd/4th leaves on plants just prior to 
bolting (Figure 2.8H,J,L).  On 2-week-old 3rd/4th leaves, epidermal, palisade, and 
spongy cells were larger in wild-type than cpr5-2 cells which were larger than cpr5-1 
cells (Figure 2.8G,I,K).  On 4-week-old 3rd/4th leaves, once again, the cells of wild-type 
were larger than the cpr5 mutants, and cpr5-2 cells were larger than cpr5-1 (Figure 
2.8H,J,L).  A comparison of the 2-week-old and 4-week-old 3rd/4th leaves, revealed the 
continued cell enlargement of wild-type (Figure 2.8G,H) from day 14 to 23, whereas, 
cpr5 mutants (cpr5-1 Figure 2.8I,J; cpr5-2 Figure 2.8K,L) had no noticeable cell 
enlargement after the 14th day.  This shows that cpr5-2 leaf cells expand more than 
cpr5-1 leaf cells but do not expand as much as wild-type leaf cells.  This was apparent 
in the 3rd/4th leaves but not in the first leaves on the days chosen for sectioning.  
Patches of apparent cell death were also observed as gaps in all cell layers filled with 
cell wall remnants (data not shown). 
 Stem cross-sectional areas were reduced in cpr5-1 and cpr5-2 relative to wild-
type (Figure 2.9).  Wild type stems had 8 to 9 vascular bundles arranged in a circle with 
an interfascicular region of fibers between them (Figure 2.9A,B).  Stems on cpr5-2 
mutants were structurally similar to wild-type, but had about three-fourths the cross- 
sectional area of wild-type and there are fewer vascular bundles (Figure 2.9E,F).  The 
smaller size appeared to be a result of smaller parenchyma cells in the pith.  No other 
cell type was noticeably altered in size.  Stems on cpr5-1 mutants also had fewer 
vascular bundles but were closer to one-half the cross-sectional area of wild-type  
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 Table 2.2  Leaf Comparison of cpr5 Mutants and Wild-Type. 
          Col-0       cpr5-2       cpr5-1 
 
 Average Area (mm2) of a Leaf a     45.3  ±  6.1 e  14.3  ±  2.4 e    7.1  ±  2.7 f 
  
 Average Area (µm2) of an Epidermal  
 Pavement Cell b   2484  ±  296 1584  ±  216 1375  ±  199 
  
 Average Number of Epidermal  
 Pavement Cells per Leaf c 18449  ±  3107 e 9206  ±  2091 e 6193  ±  1881 f 
  
 Average Number of Epidermal  
 Pavement Cells per mm2 of Leaf Area d      408 ± 51    641 ± 80    738 ± 87 
  
 a Image-1 calculated the area of each leaf, excluding the petiole. 
 b Average of each leaf area divided by the number of epidermal pavement cells on each leaf. 
 c Average of each leaf area multiplied by the number of epidermal pavement cells on light micrograph taken  
 from the leaf (data not shown) divided by the area of the light micrograph (data not shown), ± standard  
 deviation.  The field of view chosen for all leaves examined was on approximately the same area of each leaf,  
 devoid of trichomes.   
 d Average of the number of epidermal pavement cells on each leaf divided by the average area of the leaf. 
 e N = 12 leaves, ± standard deviation for the average number of epidermal pavement cells per leaf. 
 f N = 9 leaves, ± standard deviation for the average number of epidermal pavement cells per leaf. 
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(Figure 2.9C,D).  Upon closer inspection with the transmission electron microscope 
(TEM), it was obvious that the interfascicular fibers of cpr5-1 had thicker cell walls than 
wild-type (Figure 2.10).  In general, there were fewer cells of all cell types in cpr5-1 
stems.  Additionally, the epidermal and cortex cells were slightly larger in cross section 
than wild-type epidermal and cortex cells.  However, SEM images of cpr5-1 stems 
(Figure 2.11) and longitudinal sections of embedded stems (Figure 2.12) showed the 
epidermal cells were shorter and wider than wild-type (Figure 2.11; Figure 2.12).  This 
indicated that while these cells were wider in cross-section, they showed a decrease in 
polar cell expansion parallel to the stem axis.  In cross sections, the cortex consisted of 
approximately the same number of cell layers in wild-type and cpr5-1 stems.  The 
parenchyma cells in the pith of cpr5-1 stems were much reduced in size and number.   
In collaboration with Dr. Regina McClinton at the University of Louisiana 
Lafayette, root growth and cell length was measured in cpr5 plants.  When grown on 
MS-agar plates, the roots of both cpr5 alleles were obviously shorter than those of wild-
type, and cpr5-1 roots were shorter than cpr5-2 roots.  Both cpr5 alleles exhibited a 
delay in germination of about one day relative to wild-type, possibly due to slower initial 
growth of the radical.  Despite this delayed germination, cpr5-2 ultimately grew at 
approximately the same rate as wild-type (Figure 2.13A).  Wild-type roots were longer 
and grew at a faster rate for the period studied than cpr5-1 roots (Figure 2.13A).   
Transverse sections of wild-type and cpr5 roots revealed no noticeable difference 
in the size of the cells or in the structure of wild-type and cpr5 roots in the early root hair 
region (data not shown).  Root hair formation, as judged by the presence of root hairs in 
the appropriate cell files, did not appear compromised (data not shown).  An external 
inspection of the root epidermal cells showed the lengths of atrichoblasts in the early 
root hair region of cpr5 mutants to be shorter than wild-type (Figure 2.13B).  Therefore, 
the shorter cpr5 roots were made up of cells that were longitudinally shorter but similar 
to wild-type in cell diameter and structure. 
The cytoskeleton is known to play a role in the morphogenesis of specialized 
cells, such as trichomes, root hairs, and pollen tubes (see Kost et al., 1999 for review).  
F-actin was visualized in cpr5 mutants containing a GFP-talin construct that labels F-
actin.  There was no visible difference between wild-type and the cpr5 mutants in the F-
actin cytoskeleton of leaf trichomes, leaf epidermal cells, and stomata guard cells (data 
not shown).  To characterize the microtubule cytoskeleton in cpr5 mutants, tubulin was 
localized with an anti-α-tubulin antibody in callus cells of the cpr5 mutants and wild-type.  
There was no visible difference in the arrangement of cortical microtubules between 
wild-type and the cpr5 mutants (data not shown).  
 
 
2.4  Genetic Interactions Between cpr5 and Other Trichome Mutants 
 
 To try to establish the purpose of CPR5 in trichome development, double 
mutants were constructed between the cpr5 mutants and trichome mutants with defects 
in trichome expansion, branching, and endoreduplication.  The phenotypes of double 
mutants constructed between the cpr5 mutants and other trichome mutants was similar 
for both cpr5 alleles.  All cpr5 double mutants had early senescent cotyledons.  Double 
mutant phenotypes for both cpr5 alleles are discussed together and only cpr5-1 double    
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Figure 2.13  Root elongation and cell length.  (A) Root elongation study showing that 
cpr5 roots grow more slowly than wild-type roots.  Wild-type, N = 5.  cpr5-1, N = 8.  
cpr5-2, N = 3.  For each genotype, points represent the average length of the root in 
millimeters on the day of measurement and the standard deviation.  (B) Root cell length 
study showing the reduced polar cell expansion in cpr5 root cells.  For each genotype, 
8-12 non-root hair cells (atrichoblasts) were measured in the mid-elongation zone of 3 
roots, for 30 cells per genotype.  Shown are the average root cell lengths in microns and 
the standard deviation.  Significant differences (p<0.001) from wild-type are noted with 
an asterisk; cpr5-1 and cpr5-2 are also significantly different from each other. 
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mutants are shown in Figure 2.14.  Also, interactions with nok and deflated trichomes 
are shown and discussed in Chapter 3 of this dissertation. 
Plants homozygous for gl1-1 lack trichomes.  Double mutants with the cpr5 
alleles also lacked trichomes (data not shown).  This indicated that gl1 was epistatic to 
cpr5 with regard to the trichome phenotype.    
Mutation in GL3 produced trichomes that are mostly 2- and 3-branched and 
thinner than wild-type trichomes (Payne et al., 2000).  Double mutants with cpr5 result 
in trichomes that look like gl3-1 (data not shown).  Hence, GL3 is epistatic to CPR5. 
Mutations in GL2 produced abortive trichomes and trichome precursor cells that 
often expand within the plane of the epidermis (Figure 2.14C; Rerie et al., 1994).  
Double mutants with the cpr5 alleles looked like gl2-p1, except the cells that did 
manage to expand out of the epidermis appeared smaller than those found in gl2-p1 
and glassy (Figure 2.14D).  This appeared to be an additive interaction. 
The sti-AS mutation produced large unbranched trichomes similar to other strong 
sti alleles (Figure 2.14E).  Double mutants with the cpr5 alleles looked like sti-AS, but 
the trichomes were approximately half the size of sti-AS trichomes and glassy (Figure 
2.14F).  Thus, sti-AS is epistatic to cpr5 for branching, but double mutant trichomes 
exhibit the cell wall characteristics of cpr5. 
Plants homozygous for zwi-4 produced trichomes with a shorter stalk and only 2 
branches with an obtuse angle between the branches (Figure 2.14G).  The double 
mutants with the cpr5 alleles had glassy, unbranched trichomes (Figure 2.14H).  This 
indicated an additive interaction between zwi-4 and the cpr5 alleles.  
Leaf trichomes on try-JC, a strong try allele, were larger and extra-branched 
(Figure 2.14I; Walker et al., 2000).  Double mutants between try-JC and either of the 
cpr5 alleles produced glassy trichomes with reduced branching similar to both cpr5 
mutants (Figure 2.14J).  It appears that CPR5 is epistatic to TRY; however, these 
trichomes were much smaller than those of either single mutant (Figure 2.14I,J; note the 
difference in the scale bars between Figures 2.14I and 2.14J).  The trichome clustering 
phenotype of try-JC was amplified in the double mutants. Over 50% of the trichomes on 
the cpr5 try-JC double mutants were found in clusters, whereas only 23% of the 
trichomes on try-JC were found in clusters (Table 2.3).  There was also significantly 
more trichomes on double mutant leaves than on the single mutant and wild-type leaves 
(Table 2.3).  Like other try alleles, try-JC trichomes contained a greater amount of DNA 
than wild-type trichomes (Figure 2.15A,B).  The amount of DNA in cpr5-1 and cpr5-2 
trichomes was approximately 60% of that in wild-type trichomes (Figure 2.15A,C,E).  
The nuclear DNA content of cpr5-1 try-JC trichomes was 60% of cpr5-1 trichomes 
(Figure 2.15E,F) and the nuclear DNA content of cpr5-2 try-JC trichomes was 45% of 
cpr5-2 trichomes (Figure 2.15C,D).  Overall, there was a synthetic interaction between 
cpr5 and try. 
 
 
2.5 Discussion 
 
 In this chapter the global defects in cell expansion, affecting at least the 
trichomes, shoot and root epidermal cells, mesophyll, and internal tissues of the stem  
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 Table 2.3  Frequency of Trichomes and Clusters on Mature First Leaves of Arabidopsis Plants of Particular Genotypes 
      Trichomes         % of  
   Trichomes   Clusters  in Clusters Trichomes Trichomes 
 Genotype  N a  per Leaf  b   per Leaf  b   per Leaf  b in Clusters  b,c in a Cluster  b,d    
     
 Col-0 10 47.2  ±  6.6   0.1  ±  0.3   0.2  ±   0.6   0.5  ±   1.5  0.2  ±  0.6 
 try-JC 11 36.1  ±  6.8   4.1  ±  1.9   8.5  ±   3.8 23.0  ±   8.5  2.0  ±  0.4 
 cpr5-1 12 44.2  ±  4.0   0   0   0  0 
 cpr5-1 try-JC 13 58.4  ±  8.3 11.2  ±  3.1 32.8  ± 10.2 55.1  ± 10.2  2.9  ±  0.4 
 cpr5-2  14 44.6  ±  5.3   0.1  ±  0.2   0.1  ±   0.5   0.3  ±   1.2  0.1  ±  0.5 
 cpr5-2 try-JC 15 61.7  ±  8.5 13.5  ±  3.5 36.2  ± 10.7 58.2  ± 13.0  2.7  ±  0.2 
 
 a N, number of leaves sampled.  One first leaf was examined per plant via scanning electron microscopy. 
 b Mean ± Standard Deviation; paired T-test: P < 0.001 for Col WT vs. try-JC, cpr5-1 vs. try-JC, cpr5-2 vs. try-JC,  
 cpr5-1 vs. cpr5-1 try-JC, cpr5-2 vs. cpr5-2 try-JC, try-JC vs. cpr5-1 try-JC, try-JC vs. cpr5-2 try-JC. 
 c Calculated as Trichomes in Clusters per Leaf divided by Trichomes per Leaf times 100. 
 d Calculated as Trichomes in Clusters per Leaf divided by Clusters per Leaf. 
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Figure 2.15  Relative DNA content of DAPI-stained trichome nuclei of single and cpr5 
double mutants.  Found on the following page is (A) wild-type, (B) try-JC, (C) cpr5-2, (D) 
cpr5-2 try-JC, (E) cpr5-1, (F) cpr5-1 try-JC.  The degree of fluorescence is expressed as 
relative fluorescence units normalized to the mean fluorescence of Columbia-0 wild-
type.  These relative fluorescence unit values have been adjusted to be roughly 
comparable to published C values (see Materials and Methods), but they should only be 
interpreted as relative comparisons, not as measurements of absolute DNA contents. 
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have been shown for cpr5 mutants.  In leaves, altered cell expansion is most apparent 
during late stages of leaf development, when leaf growth is dominated by cell expansion  
(Figure 2.8).  This result is consistent with the observations of Kirik et al. (2001) that 
cpr5 leaf epidermal cells are reduced in size, and that cpr5 leaves initially increase in 
length at the same rate as wild-type, but cease growing many days sooner than wild-
type.  In addition, cpr5 trichomes have reduced birefringence, indicative of a lack of 
organized cellulose (Figure 2.3), and cpr5 leaves have a reduced amount of 
paracrystalline cellulose (Figure 2.4).  The degree of cellulose deficiency observed in 
the strong cpr5-1 allele (71% of wild-type) is similar to the level of cellulose deficiency 
observed in the fragile fiber2 (fra2) mutant of Arabidopsis (80% of wild-type, Burk et al., 
2001).  Like the fra2 mutant, epidermal cells of the cpr5 stem are shorter longitudinally, 
but have a greater diameter in cross-section due to reduced polar cell elongation 
(Figure 2.9; Figure 2.11; Figure 2.12). 
 In addition to these defects in cell expansion and changes in cell wall 
composition and structure, mutations in the cpr5 gene result in a highly pleiotropic 
phenotype, affecting cell proliferation, disease resistance, senescence, and trichome 
development (Boch et al., 1998; Bowling et al., 1997; Kirik et al., 2001; Yoshida et al., 
2002).  Kirik et al. (2001) and Yoshida et al. (2002) have shown that CPR5 encodes a 
putative membrane protein with a cytoplasmic amino terminus that contains a possible 
bipartite nuclear localization signal.  Based on their work the CPR5 transcript is 
expressed throughout the plant.  The amino acid sequence of the CPR5 protein does 
not resemble any proteins of known function.    
 The observed pleiotropy in cpr5 mutants could arise in one of the following ways.  
One is that CPR5 is part of a general signal transduction pathway that affects many 
processes.  Another is that CPR5 is directly involved in many processes.  It is clear that 
trichome development, cell proliferation, cell death, disease resistance, senescence, 
and sugar sensing are altered in cpr5 plants.  What is not yet clear, despite the efforts of 
several labs, is how CPR5 is related to all of these processes? 
 CPR5 was first discovered due to the constitutive disease resistance of cpr5 
plants (Bowling et al, 1997; Boch et al., 1998), and Bowling et al. (1997) placed CPR5 
early in the pathogen-response pathway, just downstream of pathogen recognition. 
Initially, in a wild-type plant, the plant cell wall is involved in a plant-pathogen interaction 
when Avr proteins are translocated from the pathogen outside into the plant cell through 
a Hrp-related type III protein secretion pathway (Bonas et al., 1997).  Coincident with 
the hypersensitive response, the plant cell wall is strengthened via peroxidase-mediated 
oxidative cross-linking of proline-rich structural proteins to prevent further pathogen 
ingress (Bradley et al., 1992; Brisson et al., 1994; Wu et al., 1997).  Mutant cpr5 plants 
exhibit characteristics similar to plants invaded by pathogens (Bowling et al., 1997; 
Boch et al., 1998).  The cpr5-induced initiation of a hypersensitive-like response and 
activation of PR-genes mimics the response to an avr-R gene interaction, even when no 
pathogen is present.   
However, it is possible to trigger defense mechanisms by other means than 
pathogen attack.  The cev1 mutant of the Arabidopsis cellulose synthase gene, CeSA3, 
has constitutive expression of stress response genes and enhanced resistance to 
fungal pathogens (Ellis et al., 2002).  Ellis et al. (2002) propose the cell wall can signal 
stress responses in plants.  Elevated levels of H2O2 can activate many defense 
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mechanisms, including salicylic acid accumulation in transgenic potato plants (Wu et al., 
1997).  Mutations in the Arabidopsis gene ACCELERATED CELL DEATH2 (ACD2), a 
red chlorophyll catabolite reductase, cause spontaneous, spreading cell death lesions 
and constitutive activation of defense responses in absence of pathogen infection, 
similar to cpr5 plants (Mach et al., 2001).  They suggest that the cell death in acd2 
plants is due to an accumulation of chlorophyll breakdown products triggering cell death 
directly or by the generation of reactive oxygen species from the light-absorbing 
porphyrin chlorophyll breakdown products (Mach et al., 2001).  It is possible that cpr5 is 
analogous to cev1 or acd2 in that the cell death and constitutive expression of PR-
genes that is observed in the mutants is a secondary consequence of the cell wall 
defect, either due to the defective wall mimicking some aspect of pathogen attack or as 
a result of oxygen radicals triggering cell death and defense responses.   
Hydrogen peroxide is known to be involved in developing the cell wall (Potikha et 
al., 1999), and to strengthen the cell wall during pathogen responses (Brisson et al., 
1994).  Hydrogen peroxide was shown to be produced faster in cpr5 mutants than wild 
type (Figure 2.6).  Thus, the activation of PR-genes observed by Bowling et al. (1997) 
and Boch et al. (1998) could be triggered by hydrogen peroxide released as a 
consequence of disrupting cell wall synthesis in cpr5 mutants.  Additionally, no other 
mutant affecting disease resistance examined has exhibited a defect in trichome 
development, including constitutive pathogen response1, accelerated cell death6, 
aberrant growth and death2, and nonexpressor of PR1 (J. Larkin and G. Brininstool, 
unpublished observations).  Therefore, it is unlikely that the altered trichome 
development or defects in polar cell expansion in cpr5 plants are a general 
consequence of constitutive expression of pathogen response genes or other defects in 
the pathogen response pathway.   
In addition, lesions simulating disease (lsd) response genes show hallmark 
biochemical, molecular, and phenomenological markers of disease resistance in 
absence of pathogen attack (Dietrich et al., 1994; Hunt et al., 1997).  A plausible 
explanation for this is that the mutations are causing an unbalanced biochemical state 
that is misinterpreted by the cell as resulting from pathogen attack, hence the cell 
triggers a host response, similar to acd2 mentioned above (Dietrich et al., 1994).  The 
mutant, lsd6, is very similar to cpr5, except lsd6 has normal trichomes (L. Anderson and 
X. Dong, personal communication; Weymann et al., 1995).   
Yoshida and coworkers have proposed that the primary defect in cpr5 mutants is 
premature senescence.  They suggest that the cell death observed in cpr5 mutants 
does not phenocopy the hypersensitive response because the yellowing of cpr5 leaves 
occurs in leaf order and is accelerated by ethylene and darkness, which are thought to 
be features of senescence (Yoshida et al., 2002).  However, senescence involves 
increased levels of salicylic acid, H2O2, and PR proteins, which also are elevated during 
pathogen responses, and there is likely to be a great deal of cross-talk between the two 
pathways.  The early accumulation of senescence-upregulated transcripts observed by 
Yoshida et al. (2002) could be triggered by peroxide released as a consequence of 
disrupting cell wall synthesis in cpr5 plants.   
Yoshida et al. (2002) also reported that cpr5 plants are hypersensitive to glucose 
in a manner suggesting they are defective in hexokinase-dependent sugar signaling.  
Antisense Arabidopsis hexokinase results in a similar hypersensitive response to 
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glucose as seen in the cpr5 plants (Jang et al., 1997).  Overexpression of Arabidopsis 
hexokinase in tomato results in reduced photosynthetic rates and rapid senescence 
similar to the observed decrease in CAB and RBCS transcripts and early cotyledon 
senescence seen in cpr5 plants by Yoshida et al. (2002) (Dai et al., 1999).  Expression 
of invertase leads to overproduction of salicylic acid and increase disease resistance 
both of which are characteristics of cpr5 plants (Herbers et al., 1996). 
Antisense and overexpression of hexokinase and invertase result in some 
characteristics observed in cpr5 plants, though trichome phenotypes have not been 
reported.  To reconcile this paradox, there may be cross talk between all of these 
pathways and CPR5 may be involved in this cross talk.  Sugar signaling is known to be 
tied to stress responses and abscisic acid and ethylene signaling pathways (Rolland et 
al., 2002; Smeekens, 2000), and it has been suggested that the proposed hexokinase-
dependent signaling may be influenced by metabolic cross talk (Halford et al., 1999).  
Few other mutants with altered cell expansion (including trichome mutants), disease 
responses, or senescence appear to have been tested for defects in sugar signaling, 
and so the extent to which genes involved in these processes are defective in sugar 
signaling is unclear.  If CPR5 is involved in a signal transduction pathway, it is possible 
that the pathway is involved in this cross talk. 
Cell proliferation and cell growth are tightly coupled in most organisms.  There is 
a reduction in epidermal pavement cell and trichome size in cpr5 leaves, but an 
increase in the number of cells (Table 2.2).  Kirik et al. (2001) noted the reduced size of 
leaf cells also but failed to take into account the much smaller cpr5 leaf size.  Therefore, 
there is not a reduction in cell number in cpr5 leaves as suggested by Kirik et al. (2001).  
There is an increase in the number of cells in cpr5 leaves, suggesting an effort by the 
plant to compensate for a reduction in cell expansion growth with an increase in cell 
division.   
The cpr5-T1 and cpr5-T2 alleles used by Kirik et al. (2001) are independent 
insertions into the first intron of CPR5.  The cpr5-1 allele and another cpr5 allele named 
hys1-2 each contain a point mutation that results in a missense substitution in the last 
exon of the gene (L. Anderson and X. Dong, personal communication; Yoshida et al., 
2002).  The relatively weak cpr5-2 allele and another allele named hys1-1 each contain 
a premature stop codon near the C-terminus of the protein (Yoshida et al., 2002).  
Based on the trichome branch counts of Kirik et al. (2001) for cpr5-T1 and those 
presented here for cpr5-1 (Table 2.1), these two alleles appear to be of similar strength.  
On cpr5-1 and cpr5-2 mutant plants, we have not observed the collapsed trichomes 
described by Kirik et al. (2001).  This could be due to the different alleles or growth 
conditions used for the two studies.  
Others have proposed that the central defect is in disease resistance (Bowling et 
al., 1997), cell proliferation and cell death (Kirik et al., 2001), or senescence (Yoshida et 
al., 2002).  However, none of these hypothesized roles predict an effect on cell wall 
composition or structure, do not explain the reduction in paracrystalline cellulose, or the 
observed reduction in polar cell expansion throughout the plant that was observed in 
this study.  One common link between many of the processes affected in cpr5 mutants 
is the cell wall.  The cell wall plays a major role in cell growth and cell expansion, 
interaction with pathogens, and many other processes.  Defects in the cell wall might be 
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expected to have pleiotropic effects on the plant, including disease resistance, 
senescence, and the balance between cell proliferation and expansion.   
As outlined above, this study supports a role for CPR5 in polar cell expansion 
and the formation of the cell wall.  A possible mechanism for CPR5 action in cell 
expansion and cell wall formation is linked to peroxide production.  Potikha et al. (1999) 
have shown that peroxide plays an important role in triggering differentiation of the 
secondary cell wall in developing cotton fibers.  In this study, cpr5 cells in tissue culture 
produce peroxide more rapidly than wild-type cells.  Consistent with this, Bowling et al. 
(1997) have shown that leaves of cpr5-1 stain intensely with nitro blue tetrazolium, 
indicating the presence of reactive oxygen species.  Potikha et al. (1999) found that 
exogenous addition of peroxide could trigger secondary wall differentiation prematurely, 
though cotton fibers are unusual in that cell expansion continues for more than two 
weeks.  Little peroxide was detected in cotton fibers during early stages of cell 
expansion.  Most cells in Arabidopsis, including trichomes, complete their entire 
program of expansion and differentiation in one to two days.  The events involved in the 
initiation of cell expansion, expansion growth, and secondary wall differentiation are 
likely to be much more tightly coordinated in these cells.  Disruption of cell expansion 
and differentitiation could result in an inappropriately-timed oxidative burst.  This 
oxidative burst could trigger a hypersensitive-like response and salicylic acid production, 
leading to constitutive PR-gene expression and senescence.  The function of CPR5 
may be to coordinate the peroxide -mediated secondary wall differentiation within the 
overall course of cell expansion.  In the absence of CPR5 function, the production of 
peroxide may be triggered too soon with an arrest in cell expansion prior to the cell 
acquiring the ability to assemble a fully-developed secondary cell wall. 
To carry out its putative control of cell expansion, CPR5 could act in one of at 
least two ways.  Kirik et al. (2001) have proposed that CPR5 is a transcription factor 
anchored in a membrane by the carboxy-terminal transmembrane regions and 
proteolytic cleavage of the amino terminus allows translocation of the amino-terminal 
portion of the protein to the nucleus for signaling.  There are several proteins in animals 
(SREBP, APP, Notch, IRE1 and ATF6) and two in bacteria that undergo this regulated 
intramembrane proteolysis, otherwise known as RIP (Brown et al., 2000).  These 
proteins regulate many different processes, including cell growth and differentiation 
(Notch), cholesterol and fatty acid synthesis (SREBP), and the unfolded protein 
response (IRE1).  However, the protein encoded by CPR5 does not resemble the 
known RIP proteins, and there is no biochemical evidence for membrane or nuclear 
localization at this point.   
A simpler possible way for CPR5 to carry out its function is also based on the 
putative transmembrane domains and bipartite nuclear localization signal, but does not 
require cleavage.  The bipartite nuclear localization signal could indicate that CPR5 is 
localized to the inner nuclear envelope held there by the transmembrane domains.  With 
over half of the protein preceding the first putative transmembrane domain (346 amino 
acids) located in the nucleoplasm, CPR5 action might be carried out by interactions with 
other proteins or the nuclear DNA.  Evidence for this type of protein exists in human 
LAP1 (Martin et al., 1995), LAP2 (Furukawa et al., 1995), emerin (Bione et al., 1994; 
Nagano et al., 1996) and the lamin B receptor (Ellenberg et al., 1997).  Human lamin B 
receptor is a protein of 615 amino acids containing a bipartite nuclear localization in the 
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N-terminus and 8 transmembrane domains at the C-terminus (Ellenberg et al., 1997).  
The first 238 amino acids, which includes the nuclear localization signal and the first 
transmembrane domain, are sufficient for localization to the inner nuclear envelope as 
shown by GFP studies (Soullam and Worman, 1993, 1995; Smith and Blobel, 1994).  
The N-terminus is located in the nucleoplasm and interacts with lamins and chromatin 
(Ye and Worman, 1994; Schuler et al., 1994; Takano, et al., 2002).  It is thought these 
protein-protein and protein-DNA interactions are what keep the lamin B receptor in the 
inner nuclear envelope from moving into the endoplasmic reticulum (Soullam and 
Worman, 1993, 1995).  It is also possible to target the first 238 amino acids of the 
human lamin B receptor to the nuclear envelope of yeast and tobacco (Smith and 
Blobel, 1993; Irons et al., 2003).  It should be possible to test whether CPR5 is localized 
to the nuclear envelope by attaching it to GFP.  For the lamin B receptor N-terminus, the 
GFP was attached after the first transmembrane domain, putting the GFP in the nuclear 
membrane space and still getting fluorescence.  CPR5 must be localized in order to 
more accurately hypothesize how it is acting in the cell. 
There is a hint of genetic evidence in support for this mode of action for CPR5, 
whereby CPR5 is located in the inner nuclear envelope interacting with other proteins or 
the nuclear DNA to control cell expansion.  The cell cycle is uniquely controlled (yet not 
fully understood) during the expansion of trichomes, allowing DNA replication and cell 
size to increase without dividing resulting in polyploid levels of DNA in these large cells.  
By itself, the observation of reduced endoreduplication in the small trichomes of cpr5 is 
unexceptional, because a number of trichome mutants show a correlation between cell 
size and ploidy (Hülskamp et al., 1994; Perazza et al., 1999), and a correlation between 
cell size and ploidy is seen in other cells as well (Melaragno et al., 1993).  To examine 
the relationship between cell expansion and endoreduplication in cpr5 further, cpr5 try-
JC double mutants were constructed.  TRY is a negative regulator of trichome initiation, 
trichome expansion, branching, and endoreduplication (Hülskamp et al., 1994; 
Schnittger et al., 1999).  Loss-of-functon try mutants produce extra-branched trichomes 
that occur occasionally in clusters of two (Figure 2.14I) and contain approximately twice 
as much DNA as wild-type trichomes (Figure 2.15B).  Trichomes on try-JC leaves are 
as birefringent as wild-type trichomes.  In contrast, cpr5 try-JC double mutant trichomes 
show reduced birefringence like cpr5 trichomes.  Even more striking is the highly 
reduced size of cpr5 try-JC trichomes (Figure 2.14J) that contain even less DNA than 
cpr5 trichomes (Figure 2.15D,F).  These results indicate that the negative regulation of 
trichome expansion and endoreduplication by TRY is dependent on CPR5 function 
because in the absence of CPR5, TRY promotes cell expansion.    
Synthetic interactions like those observed in cpr5 try are often an indication that 
genes function closely in the same pathway (Guarente, 1993).  Further support for this 
is the finding that the frequency of trichome clusters in the cpr5 try double mutants was 
about twice the frequency of trichome clusters in try single mutants, resulting in an 
increased number of trichomes (Table 2.3).  This is surprising, given that cpr5 mutants 
by themselves did not typically produce trichome clusters, and produced the same 
number of trichomes per leaf as wild-type plants (Table 2.3).  There are also more 
trichomes found in each cpr5 try cluster (Table 2.3).  Perhaps the modified cell wall of 
cpr5 makes cells more susceptible to entering the trichome developmental pathway by 
allowing developmental signals to extend further from the point of origin than in try 
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single mutants.  Alternatively, CPR5 and TRY might act in the same signal transduction 
cascade during trichome cell expansion.  TRY encodes a MADS box transcription factor 
lacking an activation domain (Schellmann et al., 2002).  Presumably, TRY interacts with 
another gene(s) by way of its DNA binding domain to carry out the regulation of cell 
expansion.  Should TRY interact with a transcription factor that has the ability to activate 
transcription of downstream genes, CPR5 could be one of the downstream genes or 
CPR5 could interact with one of those downstream genes to control cell expansion and 
endoreduplication in trichomes. 
Less revealing perhaps but no less important are the other double mutants 
constructed between cpr5 and mutants of other trichome development genes.  Although 
it is unknown whether the severe cpr5-1 allele is a complete loss of function mutant, 
cpr5-1 and the more wild-type cpr5-2 do represent extremes of the cpr5 phenotype.  
Despite this, the cpr5-1 double mutants look very similar to the cpr5-2 double mutants. 
Both GL1 and GL2 encode transcription factors that act early in trichome 
development (Oppenheimer et al., 1991; Rerie et al., 1994).  Because cpr5 mutant 
plants show no defect in trichome initiation, it is no surprise that cpr5 gl1 plants lack 
trichomes like gl1 plants.  Therefore, GL1 is epistatic to CPR5.  GL2 and CPR5 are 
predicted to act in separate pathways because the double mutant trichomes often 
expand within the epidermal plane similar to gl2-p1 mutants but are smaller (Figure 
2.14D) and glassy, showing an additive interaction.   
The STI gene is required for the formation of trichome branches (Ilgenfritz et al., 
2003).  STI encodes a protein with a nuclear localization signal and a domain similar to 
the ATP-binding eubacterial DNA-polymerase III γ-subunits (Ilgenfritz et al., 2003).  
Double mutants between cpr5 and sti-AS produce exclusively unbranched trichomes 
(Figure 2.14F), indicating that the residual trichome branching in cpr5 mutants depends 
upon STI.  However, the cpr5 sti-AS trichomes are smaller than sti-AS trichomes and 
are glassy, confirming that development of the cell wall is necessary for full cell 
expansion.   
The ZWI gene encodes a kinesin-like motor protein that is required for normal 
trichome branching (Reddy et al., 1996; Oppenheimer et al., 1997).  Mutant zwi plants 
produce trichomes with reduced branching and are thought to reduce trichome 
branching by disrupting the microtubule cytoskeleton.  Mutant cpr5 plants also produce 
leaf trichomes with reduced branching, but appear to be a result of a cell expansion 
defect.  The actin and microtubule cytoskeleton was observed to be unaltered in cpr5 
trichomes.  The cpr5 zwi-4 double mutants which have all unbranched, glassy trichomes 
display an additive phenotype (Figure 2.14H).  This suggests that CPR5 and ZWI act in 
separate pathways with CPR5 needed for polar cell expansion and ZWI needed for 
branching of the expanding trichome.  
 
 
2.6  Materials and Methods 
 
2.6.1 Plant Strains and Growth Conditions 
 
 The Arabidopsis thaliana Columbia ecotype (Col-0) was used as a wild-type 
reference.  The cpr5-1 allele was obtained from X. Dong (Duke University, Durham, 
 40
North Carolina) (Bowling et al., 1997) as a homozygous recessive mutation in a 
Columbia background and backcrossed three times to Col-0.  The cpr5-2 allele was 
obtained from B. Kunkel (Washington Universtiy, St. Louis, Missouri) as a homozygous 
recessive mutation in an rps2 (Col-0) background (Boch et al., 1998) and backcrossed 
twice to Col-0, except for the cross to try-JC which was done with cpr5-2 not 
backcrossed in its original rps2 background.  The gl1-1 allele was obtained from M.D. 
Marks (University of Minnesota, St Paul, Minnesota)as a homozygous recessive 
mutation (Oppenheimer et al., 1991).  The gl2-p1 allele was isolated as a recessive 
mutation and backcrossed twice to Col-0.  The zwi-4 allele was isolated as a recessive 
mutation in a Columbia background and backcrossed three times to Col-0.  The sti-AS 
allele was obtained from Alan Sessions (Torrey Mesa Research Institute, Syngenta, 
San Diego, California) as a homozygous recessive mutation and backcrossed three 
times to Col-0.  The try-JC allele was isolated as a recessive mutation in a Col-0 and 
backcrossed three times to Col-0 for the cross with cpr5-1.  Plants were grown under 
constant illumination of 40-W Sylvania Cool White fluorescent bulbs (~100 µE m2 s-1) at 
21˚C in a mixture of a peat-based potting medium and vermiculite and watered from 
below (unless otherwise noted).  Plants were fertilized with a modified Hoagland’s 
solution (Epstein 1972) initially and periodically throughout the plants life cycle.   
 
 
2.6.2 Construction of Double Mutants 
 
 Double mutants were constructed by intercrossing the strains of interest and 
letting the F1 plants self.  Plants displaying only one of the parental phenotypes, 
typically the non-cpr5 phenotype, were collected from the F2 population and allowed to 
self.  Plants with a novel phenotype that showed the senescent cotyledon phenotype of 
cpr5 were the putative double mutants and were selected from the F3 population.  
Putative double mutants were confirmed by complementation tests with each of the 
original parents.  In all cases, the early cotyledon senescence of cpr5 was maintained in 
the double mutants and aided in identifying double mutants.   
 
 
2.6.3  Cellulose and Carbohydrate Analysis 
  
 For cellulose analysis, uncrowded plants beginning to bolt were placed in the 
dark for 24-48 hours prior to collection.  Note that it is not necessary for the plants to be 
put in the dark for analysis by the Updegraff method.  The cellulose content of rosette 
leaves was determined by the Updegraff method (1969).  Cellulose from Sigma was 
used as the standard.   
 For carbohydrate analysis, cell wall material was prepared by grinding tissue in 
80% ethanol, washing the residue with 80% ethanol, then 100% ethanol, treating the 
residue for 30 minutes with methanol:chloroform (1:1 v/v), washing the residue with 
acetone, and air drying the residue.  Further preparation and monosaccharide 
composition analysis was provided by the Complex Carbohydrate Research Center at 
the University of Georgia.  Cell wall material was hydrolyzed using freshly prepared 1M 
methanolic-HCl for 16 hours at 80°C.  The released sugars were derivatized with Tri-Sil 
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and the samples were run on GC using a Supelco column.  Myo-inositol (20µg) was 
also added as an internal standard. 
 
 
2.6.4  Hydrogen Peroxide Measurements 
  
 Seeds were sterilized and grown as previously described by McClinton et al. 
(2001).  Five-day-old seedlings were transferred to CIM plates (1% agar, 1X Gamborg’s 
B-5, 0.5mg/L 2,4-D, 0.05mg/L kinetin), which were kept in the dark at 25°C for callus 
generation.  Callus was subcultured every 2 weeks on fresh CIM plates.  One-week-old 
callus cultures were used for measurements.  Pieces of friable callus were placed into 
black 96-well plates.  200µL of 0.5mg/mL dichlorocihydrofluorescein diacetate (DCFDA) 
in 0.1% DMSO was added to each sample and the 96-well plate was placed 
immediately into a Tecan Spectrafluor Plus fluorescence reader (Mannedorf, 
Switzerland), with excitation/emission wavelengths set to 488/535, respectively (Potikha 
et al., 1999).  Conversion of DCFDA to 2’, 7’-dichlorofluorescein, dependent on the 
amount of reactive oxygen species present, was measured every 10 minutes over an 
hour.  A value of 42.6, representing the relative fluorescent units from catalase alone, 
was subtracted from all prior to graphing.  As a control (Con-W), 2.5mg/mL catalase in 
0.1% DMSO was added to wild-type callus and examined as above. 
 
 
2.6.5  Microscopy 
  
 Trichomes were counted on either of the first two postembryonic leaves, referred 
to as “first leaves” or “first leaf” throughout the report.  Scanning electron microscopy 
was used to confirm the phenotypes of single and double mutants.  Samples were fixed 
in FAA1 (37% formaldehyde, 100% ethanol, glacial acetic acid, and water in a ratio of 
2.5:9:1:7.5), dehydrated through an ethanol series to 100% ethanol, critically point 
dried, sputter coated with gold, and viewed at 15kV using a Cambridge (LEO) 260 
Stereoscan scanning electron microscope.  DAPI staining and analysis of trichome 
nuclear DNA content was performed as previously described (Walker et al., 2000).   
 The epidermal cell counts were taken from FAA1 fixed and dehydrated first 
leaves using a Nikon Microphot FXA microscope and Image-1 Silicon Graphics (SGI) 
software.  Transverse sections were taken of first leaves on plants with 4-6 rosette 
leaves at 11 days (young) and just prior to bolting at 23 days (mature) after cotyledon 
emergence and of third or fourth postembryonic leaves with 8-10 rosette leaves at 14 
days (young) and just prior to bolting at 23 days (mature) after cotyledon emergence.  
Leaves for transverse sectioning were FAA2 (37% formaldehyde, 95% ethanol, glacial 
acetic acid, and water in a ratio of 10:1:2:7) fixed, dehydrated, and embedded in LR 
White medium resin.  The sections of 1µm in thickness were cut with a diamond knife, 
stained with 1% Toluidine Blue O, and mounted with Permount.  Adobe Photoshop was 
used to piece together light micrographs spanning the leaf sections.  Shadows present 
in part of the leaf sections shown in Figure 2.8 are due to a shadow on one side of the 
light microscope that became part of the micrographs.   
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 A 1cm region of at least 3 primary inflorescences between the first silique formed 
and the first secondary inflorescence were used for transverse and longitudinal 
sectioning.  The stem sections were FAA1 fixed, dehydrated, and embedded in LR 
White medium resin.  Stem sections ~100nm in thickness were cut with a glass knife, 
stained with 1% Toluidine Blue O for 2-3 minutes, rinsed briefly with distilled water.   
 For polarized light microscopy, the leaves were FAA1 fixed and rehydrated to 
10% glycerol in water, and then viewed with the Nikon Microphot FXA microscope.  
Light was polarized with a filter before passing through a DIC condenser and then the 
specimen.  Upon leaving the specimen the light passed through a Wollaston prism and 
then an analyzer.  The prism is set so that birefringence is observed as light against a 
dark background.  For all micrographs, Adobe Photoshop was used to adjust brightness 
and contrast minimally. 
 
 
2.6.6  Root Studies 
  
 Seeds were surface sterilized and germinated as in McClinton et al. (2001).  
Seeds were then kept in water at 4°C for 3 days in the dark, and sown on 1% agar 
plates containing 1X Gambourg’s B5 media.  Plants were grown at 25°C in a Percival 
Scientific AR-36L growth chamber under a cycle of 12 hours of light and 12 hours of 
darkness.  To determine the root lengths over a 5-6 day period, seedlings were 
examined daily.  Only seedlings with cotyledons that had emerged from the seed coat 
on the first day of measurements for each genotype were used.  Measurements for cpr5 
mutants began a day later than wild-type because they had not germinated on the first 
day wild-type measurements were taken.  Measurements were taken on a Zeiss Stemi 
2000C stereomicroscope each day starting from the same place in the early root hair 
region near the hypocotyl to the root tip.  To determine the root cell lengths, seven-day-
old seedlings were used to begin the study.  Measurements were taken on a Zeiss 
trinocular microscope in the mid-elongation zone to ensure the equivalent section of the 
root was examined in wild-type and cpr5 roots. 
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CHAPTER 3.  MODIFIERS OF CONSTITUTIVE PATHOGEN RESISTANCE5 
 
 
3.1  Introduction 
 
One experimental strategy used to identify functionally related genes is termed a 
modifier screen.  A modifier screen begins with a mutant carrying a mutation affecting 
the metabolic or developmental pathway of interest.  In Arabidopsis, mutagenesis of 
seed from the mutant of interest is followed by screening plants for phenotypes that 
modify the phenotype of the original mutant.  Modifiers that cause a more severe mutant 
phenotype are termed enhancers, while modifiers that restore the mutant phenotype 
closer to wild type are termed suppressors.  The general term, modifier, can be used to 
refer to any phenotype other than those included under enhancers and suppressors.  
Successful modifier screens have been done in S. cerevisiae, Drosophila, C. elegans, 
and Arabidopsis (for example, Adams et al., 1989; Verheyen et al., 1996; Maine and 
Kimble, 1993; Pepper and Chory, 1997; Morel and Dangl, 1999).  For trichome 
development, new genes involved in trichome branch formation were identified in a 
modifier screen for extragenic suppressors of zwichel (Krishnakumar and Oppenheimer, 
1999). 
The identification of genes does not always allow the determination of the 
functional and genetic relationships between them especially with a third of the genes in 
Arabidopsis encoding proteins of undescribed function.  Modifier screens provide a 
means to isolate genes in the same pathway and to determine the molecular 
relationships between them (Prelich, 1999).  The purpose of a modifier screen is to 
identify functionally related genes of a pathway that might not be identified in a normal 
screen.  In a normal screen in Arabidopsis, wild-type seeds are mutagenized and plants 
screened for phenotypes that differ from wild type.  There are reasons why a modifier 
screen might reveal genes involved in a pathway not identified in a normal screen (St. 
Johnston, 2002).  A pre-existing mutation serves to sensitize a pathway, such that a 
second mutation in the pathway could result in a visible mutant phenotype.  Some 
genes when mutated do not show a non-wild-type phenotype in an otherwise wild-type 
background, as is the case for genes with redundant functions, but may do so in an 
already mutant background. 
CPR5 and TBR are two genes that when mutated result in glassy trichomes with 
reduced birefringence, indicating an alteration in the structure or composition of the 
trichome cell wall (Potikha and Delmer, 1995; this dissertation).  Both tbr and the cpr5 
mutants have less paracrystalline cellulose in the leaves and tbr was shown to have 
less cellulose in the trichomes (Potikha and Delmer, 1995; this dissertation).  CPR5 
encodes an unknown protein (Kirik et al., 2001; Yoshida et al., 2002).  It is not yet 
known what TBR encodes.  Assuming the glassy phenotypes of these two mutants is 
revealing of the nature of the proteins, it would be useful to identify other glassy mutants 
or mutants that interact with CPR5 or TBR in an attempt to understand how these genes 
act in the cell.   
On several independent occasions, glassy trichome mutants have been identified 
in the Larkin lab and other labs, though most have been insufficiently characterized.  
Alleles of cpr5 were isolated in 4 different labs (Bowling et al., 1997; Boch et al., 1998; 
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Kirik et al., 2001; Yoshida et al., 2002).  Several glassy mutants isolated by Hülskamp et 
al. (1994), were given names such as chablis, chardonnay, and retsina.  It is not known 
whether any of those glassy mutants are allelic to cpr5, tbr, or other glassy mutants 
isolated since then.   
One of the glassy trichome mutants identified by the Hülskamp research group 
was named NOECK (NOK).  Plants mutant for NOK (nok-122) have trichomes with 
increased number of branches, but appear more like wild type in terms of nuclear and 
cell size (Folkers et al., 1997).  In regards to genetic relationships with other trichome 
related genes, GL3, ZWI, and AN are epistatic to NOK (Folkers et al., 1997).  Loss of 
NOK rescues the sti mutants depending on the severity of the sti allele (Folkers et al., 
1997).  Loss of NOK and TRY result in trichomes with up to 11 branch points, an 
additive phenotype, suggesting NOK and TRY are in separate pathways (Folkers et al., 
1997).  No work since Folkers et al. (1997) has been published on NOK and it is not 
known what NOK encodes. 
Described in this chapter is work from a modifier screen of EMS (ethyl-methane 
sulfonate) mutagenized cpr5-2 seed that led to the isolation of a putative NOK allele and 
a novel branching mutant.  Alleles of several known trichome mutants were also 
isolated in the cpr5-2 modifier screen.   In a separate screen of EMS mutagenized Col-
O wild-type seed purchased from Lehle seeds, another glassy trichome mutant 
designated deflated trichomes was isolated by Jason Walker of the Larkin research 
group.  Following a brief summary of the mutants isolated in the modifier screen, the 
focus of the research presented in this chapter will be on NOK, the novel branching 
mutant, and deflated trichomes. 
 
 
3.2 Types of Mutants Isolated in cpr5-2 Modifier Screen 
 
 To begin, ~20,000 cpr5-2 seeds were mutagenized with EMS.  These M1 seeds 
were screened for any dominant suppressors or modifiers of the cpr5-2 trichome 
phenotype, but none were isolated.  The M1 were allowed to self and the resulting M2 
were collected in 38 separate pools.  Within these pools, 83 possible modifiers of the 
cpr5-2 phenotype were isolated.  Of the 83 possible modifiers, 28 from 8 different pools 
continued to display a non-cpr5-2 trichome phenotype in the M3 (Table 3.1; Figures 3.1 
to 3.4; Appendix 2).  Of these 28 putative double mutant modifiers of cpr5-2, 16 were 
crossed to Col WT to determine if the altered trichome phenotype is due to a single 
mutation and to see if that mutation results in a non-wild-type phenotype in the absence 
of cpr5-2.  Also, cpr5-2 should be segregating if the putative modifier was not a seed 
contaminant.  Only 11 of 16 have been selfed and the progeny planted to see that all 11 
have a mutant phenotype in the absence of cpr5-2 and all segregated cpr5-2.  The 
remaining 5 are currently being selfed.  One of the 11 segregated another phenotype 
suggesting there were at least 2 EMS-induced mutations, one giving the altered 
trichome phenotype (an allele of try) and one producing yellow/green splotchy leaves.  
Another one of the 11 was found to be linked to cpr5-2; this was found to be an allele of 
zwi, whose map location to the bottom of chromosome 5 is already known. 
 Based on the trichome appearance of the 11 modifiers in the absence of cpr5-2, 
they were crossed to known trichome mutants with similar trichome phenotypes.  If the  
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 Table 3.1  Mutants isolated in cpr5-2 modifier screen 
 
 Original    modifier mutant phenotype  
   Seed   cpr5-2 double mutant      other phenotypes of   in the absence of cpr5-2 
 Book # Pool   trichome phenotype     cpr5-2 double mutant                if known 
 
 00-137 c,d mass small, stubby, early senescent cotyledons   
   unorganized 2-br & 3-br    
           
 00-13801-95 mass glassy, wide angle early senescent cotyledons not glassy, wide angle  
   between branches,  between branches, pd 3-br  
   pd 2-br, some unbr &  & 4-br, few 2-br trichomes 
   3-br, branches not oriented  
   parallel to leaf axis like zwi 
 
 00-159 mass pd unbr, few 2-br, early senescent cotyledons   
   glassy, size of cpr5-2    
 
 00-167 mass glabrous early senescent cotyledons,  
    slightly narrow leaves  
 
 00-176 c,d mass few (~8), glassy, unbr early senescent cotyledons,   
   & 2-br, some bent plants ½ cpr5-2 
 
 00-181 mass branching like cpr5-2, early senescent cotyledons  
    (00-709)  more fragile, smaller   
 
 00-187 mass few trichomes, ≤ 5 2-br early senescent cotyledons,   
    yellow seeds   
 
 00-189 mass 2-br & 3-br early senescent cotyledons,   
    yellowing leaves 
 46
 
 Table 3.1 cont.   
 
 Original    modifier mutant phenotype 
   Seed  cpr5-2 double mutant      other phenotypes of   in the absence of cpr5-2 
 Book # Pool  trichome phenotype     cpr5-2 double mutant                if known 
 
 00-209 c,d mass smaller, stubby, early senescent cotyledons  
   unorganized 2-br,    
   many bent at stalk 
  
 00-266try mass cpr5-2 like, glassy, early senescent cotyledons,  slightly dominant, some   
   clusters of 2-3 splotchy green/yellow leavese trichome clusters,  
     extrabranched trichomes 
  
 00-268 c  mass 3-br, some deformed, early senescent cotyledons,     
   glassy plants ½ cpr5-2, lesions,  
    poor pollen 
   
 00-269 d mass 3-br, some deformed, early senescent cotyledons,  
   glassy plants ½ cpr5-2,lesions,  
    white/yellow transparent  
    anthers, very little pollen 
 
 00-275zwi kg12 spikes to zwi like, glassy, early senescent cotyledons,   
   larger than cpr5-2 lesions  
 
 00-276 kg14 pd unbr, glassy early senescent cotyledons,   
  
 00-278ttg kg13 glabrous early senescent cotyledons, few pd unbr trichomes  
    yellow seeds, lesions around edge of leaf 
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 Table 3.1 cont.   
 
 Original    modifier mutant phenotype  
   Seed  cpr5-2 double mutant      other phenotypes of   in the absence of cpr5-2 
 Book # Pool  trichome phenotype     cpr5-2 double mutant                if known 
 
 00-282 kg7 glabrous slower cotyledon senescence  
    than cpr5-2 lesions  
 
 00-291 kg11 pd unbr like sti, early senescent cotyledons,   
   few 2-br (one longer) narrow leaves 
 
 00-294gl2 kg17 small unbr early senescent cotyledons  
     
 00-296 a  kg13 glabrous, few abortive early senescent cotyledons,   
    loss of apical dominance  
 
 00-297 a kg13 glabrous, few on edge yellow seeds,   
    loss of apical dominance  
 
 00-299gl2 kg13 several abortive early senescent cotyledons  
     
 00-309 a kg13 few abortive  early senescent cotyledons,   
    yellow seeds  
 
 00-312 b kg12 pd unbr like sti early senescent cotyledons   
     
 00-316sti kg18 like sti early senescent cotyledons  
  
 00-334 kg12 short, stubby branches, early senescent cotyledons  
   2-br & 3-br, glassy  
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 Table 3.1 cont.   
 
 Original    modifier mutant phenotype  
   Seed  cpr5-2 double mutant      other phenotypes of   in the absence of cpr5-2 
 Book # Pool  trichome phenotype     cpr5-2 double mutant                if known 
 
 00-335 a kg13 few unbr & 2-br early senescent cotyledons  
 
 00-337nok kg12 smaller, cpr5-2 like early senescent cotyledons glassy, extrabranched 
     trichomes      
 
 00-338 a kg13 few unbr & 2-br early senescent cotyledons  
      
 a 00-296, 00-297, 00-309,  00-335, and 00-338 could be progeny from the same M1 plant. 
 b 00-312 could be progeny from the same M1 plant as 00-275. 
 c 00-268, 00-137, 00-176, and 00-209 could be progeny from the same M1 plant. 
 d 00-137, 00-176, 00-209, and 00-269 could be progeny from the same M1 plant. 
 e Due to a second mutation, separate from mutation causing trichome phenotype. 
 01-95 This isolate is referred to as GB01-95 in the dissertation 
 try Probable novel try allele; does not complement try-JC. 
 zwi Probable novel zwi allele; does not complement zwi-4. 
 ttg Probable novel ttg allele; does not complement ttg-9. 
 gl2 Probable novel gl2 allele; does not complement gl2-p1. 
 sti Probable novel sti allele; does not complement sti-AS. 
 nok Probable novel nok allele; does not complement nok-122.  Referred to as nok-gb in the dissertation. 
 sm, single mutant; dm, double mutant; pd, predominant; x, crossed; bx, backcrossed; br, branched;  
 unbr, unbranched 
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F1 is wild type then the mutations are said to complement and are likely mutations in 
different genes.  Likewise, if the modifier mutation is in the same gene as the known 
trichome mutation, the F1 would be indistinguishable from the parents.  As mentioned in 
the previous paragraph, an allele of try and an allele of zwi were found.  In addition, an 
allele of ttg, two alleles of gl2, and an allele of sti were isolated.  From this modifier 
screen, one novel locus and a putative allele of a known glassy mutant, NOK, were 
identified.  These two loci will be the subject of the next two sections of this dissertation. 
 
 
3.3  Isolation of Putative NOK Allele 
 
 A putative allele of NOK, referred to as nok-gb, was identified from the cpr5-2 
modifier screen.  The novel double mutant phenotype of nok-gb cpr5-2 was cause for  
further characterization.  Quite different from the single mutants, the nok-gb cpr5-2 
double mutant has glassy, tiny trichomes no larger than half the size of cpr5-2 
trichomes, have no more than 3 branches, and some of the trichomes expand 
anisotropically (Figure 3.5).  Once nok-gb cpr5-2 was crossed to wild type, selfed, and 
the F2 screened, the only phenotype other than cpr5-2 segregating was a glassy, 
extrabranched trichome mutant, very similar to the known nok alleles.   
 Several lines of evidence suggested this was an allele of NOK.  First of all, nok-
gb has been crossed to nok-122 and another allele of nok-9310-11.  All F1 have the 
same nok phenotype, glassy and extrabranched trichomes.  Therefore, this 
noncomplementation is a result of nok-gb having a mutation in the same gene as nok-
122  and nok-9310-11 or the gene disrupted by nok-gb interacts with the gene disrupted 
by nok-122 and nok-9310-11.  The F1 between nok-122 and nok-9310-11 have the 
mutant phenotype as well.  All three nok alleles have a slightly dominant phenotype, 
such that when heterozygous with the wild-type allele, the trichomes are extrabranched 
but not to the extent they are in the nok homozygote.  Secondly, cpr5-2 nok-122, cpr5-1 
nok-122, and cpr5-2 nok-gb all have glassy trichomes that are about half the size of 
cpr5 trichomes with no more than 3 branches, some expanding anisotropically.  The 
above observations taken together with nok-gb having a similar single mutant 
phenotype as other nok alleles suggests nok-gb is most likely an allele of NOK.   
Like cpr5 plants, nok plants have glassy trichomes.  Unlike cpr5 trichomes which 
have fewer branches than wild-type trichomes, nok trichomes are extrabranched (Figure 
3.5).  Though extrabranched, the size of nok trichomes does not appear to differ much 
from wild type.  The nok-gb cpr5-2 double mutant trichomes are similar to cpr5-2 but are 
smaller (Figure 3.5).  With both single mutants having glassy trichomes, perhaps CPR5 
and NOK are both involved in deposition of the secondary cell wall in trichomes.  
Further characterization of this putative NOK allele is necessary in order to determine 
what, if any, role NOK may have in secondary cell wall development and trichome 
development in general.  Furthermore, determination of the gene disrupted in nok-gb 
will allow the various mutants designated as alleles of nok to be sequenced and 
confirmed as alleles of the same gene. 
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3.3.1  Mapping of Putative and Existing NOK Allele 
 
 In an effort to locate the gene disrupted in nok-gb, an F2 mapping population was 
generated by crossing nok-gb which is in a Col-O background to wild-type Landsberg 
erecta (Ler) and the F1 allowed to self.  Bulked segregant analysis (Lukowitz et al., 
2000) showed nok-gb to be linked to the uppermost of the four markers on chromosome 
3, MDC16a IND1 (Figure 3.6).  The marker MDC16a IND1 is located ~4.6 megabase 
pairs (Mbp) from the top of chromosome 3, which is 5.2 Mbp away from marker ciw11 
(Figure 3.6, TAIR).  The marker ciw11 is located ~9.8 Mbp from the top of chromosome 
3 (TAIR).  Assuming the approximate recombination frequency of 1% (1 map unit) to be 
equivalent to ~250 kb (Lukowitz et al., 2000) and taking into account the distance 
between MDC16a IND1 and ciw11, it is unlikely for nok-gb to be below ciw11.  If nok-gb 
were below ciw11 it would show linkage to ciw11.  However, there is only ~39.2 map 
units between the top end of chromosome 3 and ciw11.  Hence, one map unit likely 
equals less than 250 kb in this area.  With 200 kb per map unit, ciw11 would be ~49 
map units away from the top end of chromosome 3.  Thus, nok-gb is likely within the 
uppermost 9.8 Mbp of chromosome 3. 
To more precisely map nok-gb, the Cereon Arabidopsis polymorphism collection 
accessible through TAIR was used to find polymorphisms between Col-O and Ler in the 
9.8 Mbp at the top of chromosome 3 in order to design new markers for this area.  An 
INDEL polymorphism was found on BAC clone T13O15 which is a 34 bp deletion in Col-
O in comparison to Ler.  Primers were designed to PCR amplify this polymorphism and 
indeed a 34 bp difference between Col-O and Ler was detected by agarose gel 
electrophoresis.  This marker, designated T13O15 IND1, shows linkage to nok-gb as 
expected.  T13O15 IND1 is located ~110 kb from the top end of chromosome 3, ~18 
map units from MDC16a IND1 (Figure 3.6, TAIR).  MDC16a IND1 shows a 9.2% 
recombination frequency with nok-gb.  T13O15 IND1 shows a 2.7% recombination 
frequency with nok-gb.  Another marker, T11I18 IND1, located 1.3 Mbp from the top of 
chromosome 3, shows a 4.2% recombination frequency with nok-gb (Figure 3.6, TAIR).  
This suggests that nok-gb is closer to T13O15 IND1 than other markers analyzed. 
Prior work, by Teresa Venezia in the Larkin research group, mapped NOK to a 
region between the molecular markers NGA32 and NGA162 using a mapping 
population of nok-122.  Marker NGA32 is located ~340 kb from the top of chromosome 
3.  Marker NGA162 amplifies the same polymorphism as MDC16a IND1 just with 
different primers, so these two markers are equivalent for mapping.  This mapping has 
been confirmed more recently by an undergraduate in the Larkin research group, 
Kathryn Cummins.  A marker on BAC clone F18B3, located ~18.9 Mbp from the top (4.6 
Mbp from the bottom) of chromosome 3 shows a 36.1% recombination frequency with 
nok-122.  The recombination frequency for MDC16a IND1 with nok-122 is 15.8%.  The 
recombination frequency with T13O15 IND1 with nok-122 is 1.5%.  In agreement with 
the mapping data for nok-gb, nok-122 is closer to T13O15 IND1 than other markers 
analyzed, as expected if nok-gb and nok-122 are allelic. 
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3.3.2 Characterization of NOK 
 
 In an effort to better understand the relationship between NOK and other genes 
involved in trichome development, nok-gb has been crossed to various other trichome 
mutants.  In agreement with Folkers et al. (1997), GL2, GL3, and ZWI were epistatic to 
NOK, and nok-gb partially rescues sti-AS (Figure 3.7).  Not noted by Folkers et al. 
(1997) for the zwi and sti alleles used in conjunction with nok-122 but presumably 
similar, the trichomes on zwi-4 nok-gb and sti-AS nok-gb were glassy (Figure 3.7).  Both 
cpr5-2 nok-gb and try-JC nok-gb produced small, glassy trichomes (Figure 3.5; Figure 
3.7).  The trichomes on cpr5-2 nok-gb had reduced branching like cpr5 (Figure 3.5).  
Similar to the description of try-EM1 nok-122 by Folkers et al. (1997), the trichomes on 
try-JC nok-gb were extrabranched, but moreso than either of the single mutants (Figure 
3.7).  The trichomes on try-JC nok-gb were glassy and smaller than either single 
mutant, with an occasional trichome reaching the size of a nok-gb trichome.  Several 
trichomes on try-JC nok-gb had a yellow tint perhaps indicating cell death.  It is not 
known whether these other characteristics of try-JC nok-gb trichomes were exhibited by 
the try-EM1 nok-122 double mutant, but if not, this could indicate an allele specific 
interaction between TRY and NOK.   
 Work by Teresa Venezia in the Larkin research group and others show two other 
glassy trichome mutants named gumby (gmb) and pokey (pok) do not complement nok 
(data not shown).  Both gmb and pok are fast neutron generated mutants with 
chromosomal aberrations.  In gmb plants, the top of chromosome three is inverted.  
Teresa and Alex Hellman in the Larkin research group mapped the breakpoint of the 
inversion very near nok and due to the variability of the temperature sensitive 
phenotype with some trichomes looking similar to nok trichomes, gmb may be allelic to 
nok.  In pok plants, there is a reciprocal translocation between the bottom of 
chromosome 1 and chromosome 4, so pok cannot be allelic to gmb or nok.  It is likely 
then that NOK is in a protein complex with at least POK, maybe GMB, and perhaps 
others.  
 The trichomes on cpr5 leaves are glassy, show reduced birefringence, and the 
leaves have reduced amount of paracrystalline cellulose in comparision to wild type.  
Since the trichomes of nok-gb and nok-122 are glassy like cpr5, trichome birefringence  
was observed and the amount of cellulose in the leaves determined.  Similar to cpr5, 
nok-gb and nok-122 trichomes show reduced birefringence in comparision to wild-type 
trichomes (Figure 3.8).  However, a pairwise t-test shows no significant difference 
between the cellulose content of the leaves of wild type and nok-gb (p = 0.37), wild type 
and nok-122 (p = 0.27), and nok-gb and nok-122 (p = 0.63) (Figure 3.9).  Because 
trichomes make up such a small percentage of the leaf cells, it is possible that a 
difference in cellulose content exists only in the trichomes and this difference in these 
few cells is not detectable by analyzing whole leaves.  Alternatively, these nok mutants, 
while having glassy trichomes with reduced birefringence, may not have reduced 
cellulose content but instead have the cellulose laid down differently than wild type.  In 
this case, there would be no correlation between the amount of cellulose and reduced 
birefringence and glassiness.  More likely is the difference in the way the cellulose 
microfibrils are laid down that better correlates with the reduced birefringence and 
glassiness of the trichomes seen on nok plants. 
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Figure 3.9  Cellulose content of wild-type, nok-gb, and nok-122 leaves.  Cellulose 
content was measured with the Updegraff method (1969) of rosette leaves taken 
from uncrowded plants 36 days after planting.  N = 3.  Standard deviation for each
is shown.  There are no significant differences from wild-type.  
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3.4 Mapping and Characterization of a Novel 4-Branched Trichome Mutant 
 
 In the cpr5-2 modifier screen, a novel 4-branched trichome mutant (GB01-95) 
was isolated (Figure 3.10).  This mutant is predominantly 4-branched, but there are 
some 3-branched and 2-branched trichomes.  At first glance, this mutant is similar to 
zwi in that there is an abnormally large angle between trichome branches.  However, 
when crossed to zwi-4, all F1 are wild type, suggesting this new mutant is not an allele 
of ZWI.   
 ZWI is located on chromosome 5.  Bulked segregant analysis has linked the 
novel mutation to the marker F21M12 (1.1% recombination frequency), 3.1 Mbp from 
the top end of chromosome 1 (Figure 3.11).  A marker on BAC clone F7A19 located 4.9 
Mbp from the top end of chromosome 1 shows a recombination frequency of 6.5% with 
the mutation (Figure 3.11).  The 2 recombinants with F21M12 were also recombinant 
with F7A19 suggesting the mutation lies north of F21M12 on chromosome 1.  If 
constant recombination frequency (333kb per % recombination) over that region of the 
chromosome is assumed, then the mutation likely falls within BAC clone F22O13 
(Figure 3.11).   
 Isolated as a double mutant with cpr5-2, the trichomes on the double mutant are 
glassy and have reduced branching (predominantly 2-branched, some unbranched and 
3-branched) like cpr5-2, but the angle between branches is greater than normal like 
GB01-95.  This additive phenotype suggests that the gene disrupted in GB01-95 and 
cpr5-2 act in different pathways during trichome development.  Due to the wide angle 
between the trichome branches, the gene disrupted in GB01-95 is likely involved in the 
placement of the trichome branch points.  This mutant has been given to Dr. David 
Oppenheimer at the University of Florida who is interested in this aspect of trichome 
development.  GB01-95 might fall into a class of new mutants called asymmetric branch 
mutants being studied by the Oppenheimer research group. 
 
 
3.5 Mapping and Characterization of deflated trichomes Mutant 
 
The deflated trichomes (dft) mutant was isolated by Jason Walker in the Larkin 
research group in a screen of EMS mutagenized Columbia wild-type seed for trichome 
mutants.  The trichomes on dft plants are glassy and often appear ribbon-like due to the 
collapse of the cell (Figure 3.12).  Branching and expansion of the trichome appear 
normal.  The leaf surface also appears glassy and the edges of the first leaves tend to 
curl upward.  Since this mutant could be cell wall defective, the genetic mapping and 
characterization of dft were pursued.   
 Using bulked segregant analysis, dft was mapped to the top of chromosome 5, 
linked to the three uppermost markers, CTR1, ciw8, and PHYC.  PHYC  is located 
13.62 Mbp from the top end of chromosome 5.  PHYC shows a recombination 
frequency of 25.3% with dft.  Marker ciw8 is located 7.46 Mbp from the top of 
chromosome 5 and shows a recombination frequency of 12.1% with dft (Figure 3.13).  
The uppermost bulked segregant marker, CTR1, is located ~974 kb from the top end of 
the chromosome and shows 3.8% recombination frequency with dft (Figure 3.13).  A 
marker on BAC clone F7A7 (F7A7 IND1) located ~0.2 Mbp from the top end of  
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chromosome 5 has a recombination frequency with dft of 8.0% (Figure 3.13).  A marker 
on BAC clone F15A17 (F15A17 IND1) located ~0.7 Mbp from the top end of 
chromosome 5 shows a recombination frequency of 6.2% with dft (Figure 3.13).  
Between CTR1 and ciw8, a marker on BAC clone F8L15 (F8L15 IND1) located 2.68 
Mbp from the top of chromosome 5 shows a recombination frequency of 2.9% with dft 
(Figure 3.13).  Based on these recombination frequencies, it is likely that the dft 
mutation lies within the 1.7 Mbp between CTR1 and F8L15 IND1, closer to F8L15 IND1.   
Further fine mapping is being done with markers between CTR1 and F8L15 IND1 to 
narrow the region likely to contain DEFLATED TRICHOMES.   
 Crosses to known trichome mutants like those mentioned above for nok are also 
in the process of being done with deflated trichomes.  At this point in time, mutants with 
altered trichome morphology such as initial expansion or branching appear to be 
involved in pathways that do not involve DFT.  The trichome phenotypes of the double 
mutants can be described as additive, looking like the non-dft trichome mutant, but 
having collapsed cell walls (Figure 3.14).  For example, GL2 appears epistatic to 
DEFLATED TRICHOMES in regard to polar cell expansion with abortive trichomes 
expanding mostly in the epidermal plane (Figure 3.14).  However, some of the 
trichomes do have collapsed cell walls and the leaf surface is glassy with some leaves 
having a slight upward curl.  The glassy, deflated phenotype of dft is maintained in the 
zwi-4 dft and sti-AS dft double mutants, but the trichome branching or lack thereof is like 
zwi-4 and sti-AS, respectively (Figure 3.14).  Trichomes on nok-gb dft are extra-
branched like nok-gb, but have collapsed cell walls like dft (Figure 3.14).  Many of the 
collapsed trichomes appear yellowish like nok-gb try-JC.  Double mutants have 
extrabranched trichomes like nok, indicating that NOK is epistatic to DFT with respect to 
trichome branching.  The collapsed cell walls seen in dft are maintained in nok-gb dft, 
however the yellowing of the collapsed cell may indicated premature cell death occuring 
before the secondary cell wall has been laid down. 
 The trichomes on cpr5 leaves are glassy, show reduced birefringence, and the 
leaves have reduced amount of paracrystalline cellulose in comparision to wild type.  
Since the trichomes of dft are glassy like cpr5, trichome birefringence was observed and 
the amount of cellulose in the leaves determined.  As a comparsion, this was also done 
for wild type and tbr.  In agreement with data shown by Potikha and Delmer (1995), tbr 
trichomes showed reduced birefringence in comparision to wild-type trichomes (Figure 
3.15).  Similar to cpr5 and tbr, dft trichomes also showed reduced birefringence in 
comparision to wild-type trichomes (Figure 3.15).  However, a pairwise t-test showed no 
significant difference in the paracrystalline cellulose content in the leaves of wild type 
and dft (p = 0.13) (Figure 3.16).  A pairwise t-test showed there to be no difference 
between tbr and dft (p = 0.63), but in agreement with data shown by Potikha and 
Delmer (1995), tbr leaves have significantly less cellulose than wild-type leaves (p = 
0.02) (Figure 3.16).   Both tbr and dft have little, if any, influence on trichome 
morphology.  They simply have glassy trichomes.  So, perhaps there is a difference in 
the cellulose content of dft, just to a lesser degree than tbr and not detectable by 
analyzing whole leaves with the Updegraff method.  Alternatively, dft trichomes are 
glassy and have reduced birefringence because the cellulose microfibrils are laid down 
differently than in wild-type trichomes.  The double mutant between dft and tbr might 
hold the answer, as trichomes with less cellulose with loss of TBR function and altered  
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Figure 3.16 Cellulose analysis of wild-type, tbr, and deflated trichomes (referred
to as deflated in the figure) leaves.  Cellulose content was measured by the 
Updegraff method (1969) of rosette leaves taken from uncrowded plants 36 days 
after planting.  N = 3.  Standard deviation for each is shown.  Significant differences 
as determined by a paired T-test from wild-type are noted by an asterisk alongside 
the standard deviation bars. There is less paracrystalline cellulose in tbr (p<0.02)
leaves than wild-type leaves.  
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deposition of microfibrils with loss of DFT function might be very fragile if they are able 
to hold themselves up as trichomes at all.  This, of course, assumes DFT and TBR act 
in different pathways.   
 
 
3.6 Discussion 
 
 Presented in this chapter was preliminary data on three Arabidopsis trichome 
mutants: nok, a novel branching mutant, and dft.  Each has been mapped to part of an  
Arabidopsis chromosome in an effort to determine what gene has been disrupted by 
mutation.  Each has been crossed to one or more trichome mutants to determine when 
these genes might act during trichome development.  Cellulose analysis has been done 
for the two glassy mutants, nok and dft, to see if there is a correlation between having 
glassy trichomes with reduced birefringence and having reduced cellulose content like 
that seen for cpr5 and tbr. 
 The novel branching mutant maps to the top of chromosome 1 very close to the 
marker F21M12.  NOK maps within the uppermost 9.8 Mbp of chromosome 3, likely 
near the very end of the chromosome.  DFT maps within a 1.7 Mbp region between 
CTR1 and a marker on BAC clone F8L15.  Mapping of DFT to chromosome 5 confirmed 
that DFT and TBR are unique loci despite the phenotypic similarities between dft and 
tbr.  TBR maps to the bottom of chromosome 3 (Debbie Delmer, personal 
communication).  Further fine mapping is necessary for all of these mutants to make it 
feasible to look for candidate genes and to attempt molecular complementation.    
 Of all the crosses with known trichome mutants, perhaps the most interesting 
and surprising was seen in the following double mutants which produce glassy 
trichomes that are smaller than either single mutant: cpr5-2 nok-gb, cpr5-1 nok-122, 
cpr5 try-JC and nok-gb try-JC.  Trichomes on cpr5-2 nok-gb, cpr5-1 nok-122, and cpr5 
try-JC have reduced branching like cpr5.  It is likely that cpr5-1 nok-gb and cpr5-2 nok-
122 will also have glassy, tiny trichomes with reduced branching, but generation of 
these double mutants is still in progress.  The trichomes on nok-gb try-JC are super-
extrabranched but the trichomes are no larger than nok-gb trichomes.   
 Synthetic interactions like those observed are often an indication that genes 
function closely in the same pathway or in parallel pathways as structural or regulatory 
genes (Huffaker et al., 1987; Guarente, 1993).  TRY is a negative regulator of trichome 
cell expansion.  TRY encodes a MADS box transcription factor but without the activation 
domain (Schellmann et al., 2002).  Presumably, TRY interacts with another gene(s) by 
way of its DNA binding domain to carry out the regulation of cell expansion.  CPR5 is 
epistatic to TRY in regards to trichome branching.  During cell expansion, CPR5 could 
have a structural role and TRY a regulatory role.  NOK interacts with CPR5 in a similar 
manner as TRY, indicated by the similiarities in the double mutants trichome 
phenotypes.  Between NOK and TRY, the interaction is additive suggesting NOK and 
TRY act in parallel pathways during cell expansion.  Regardless, in these double 
mutants, the size of the trichomes is as if cell expansion is being inhibited.  This would 
reveal a novel role for TRY in promoting cell expansion.  Because there is some 
trichome cell expansion in the double mutants, there is clearly more than just two 
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regulatory pathways (through TRY and NOK) and a structural pathway (through CPR5) 
controlling trichome cell expansion.   
 The trichomes on nok-gb dft are extrabranched like nok-gb, so NOK is epistatic 
to DFT in regard to trichome branching.  The trichomes on dft have collapsed cell walls 
which is maintained in nok-gb dft.  The collapsed cell walls could be due to premature 
cell death or due to a deficiency in cell wall composition or architecture.  The yellowing 
of the collapsed cells in nok-gb dft also seen in nok-gb and nok-gb try-JC could indicate 
premature cell death has occurred in these trichomes.  There is no direct evidence for a 
role for NOK or DFT in cell death.  Disruption of the endoreduplication cell cycle has 
been shown to cause trichome cell death (Schnittger et al., 2003).  Preliminary data 
suggests that nok-122 has wild-type levels of DNA, so the endoreduplication cell cycle 
does not seem disrupted in nok mutants.  It is not known what the levels of DNA are in 
dft trichomes.  If the trichomes died prior to formation of the secondary cell wall, that 
could explain the reduced birefringence and collapse observed in dft trichomes.   
  
 
3.7 Materials and Methods 
 
3.7.1  EMS Mutagensis and Screen 
  
 Approximately 20,000 cpr5-2 seeds were soaked overnight in a solution of 0.3% 
Ethyl Methane Sulfonate, then washed with distilled water several times.  These M1 
seeds were planted on soil and grown as described in the Materials and Methods 
section (Plant Strains and Growth Conditions) of Chapter 2.  The M1 seeds were 
screened for any dominant suppressors or modifiers of the cpr5-2 trichome phenotype.  
The M1 were allowed to self and the resulting M2 were collected in 38 separate pools.  
The first pool (designated ‘mass’) was unintentionally rather large.  The M2 were 
screened for modifiers of the cpr5-2 trichome phenotype.  Those selected as having a 
modified cpr5-2 trichome phenotype were selfed to maintain the lines. 
 
 
3.7.2  Other Plant Strains 
  
 In the M2 generation of EMS mutagenized Col-O seed purchased from Lehle 
seeds, deflated trichomes was isolated by Jason Walker as a glassy mutant with 
collapsed trichomes.  It has been backcrossed once to Col-0.  See Materials and 
Methods section (Plant Strains and Growth Conditions) of Chapter 2 for other plant 
strains. The nok-9310-11 seed was kindly provided by David Oppenheimer (University 
of Florida). 
 
 
3.7.3  Bulked Segregant Analysis and Mapping 
  
 Bulked segregant analysis as described by Lukowitz, et al., (2000) was used 
initially to map the mutations to a region of a chromosome.  Some modifications were 
made in regard to the markers used.  A complete list of markers used for bulked 
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segregant analysis can be found in Appendix 1 of this dissertation.  The approximately 
100 samples bulked for bulked segregant analysis were individually tested with the 
marker(s) that showed linkage with the bulked segregant analysis.  This gave an 
approximation of recombination frequency for the marker(s) with the mutation.   
 Using the Cereon database of Columbia versus Landsberg erecta 
polymorphisms, new markers were made for subsequent mapping around the markers 
that showed linkage to the mutations by bulked segregant analysis.  The polymorphisms 
are listed by the BAC clone on which they occur in the Cereon database.  TAIR was 
used to get the genomic sequence of the BAC clones listed in which a polymorphism 
existed that would be useful as a new marker.  The genomic sequence of a BAC clone 
was copied and inserted in the computer program Vector NTI (demo version), where the 
polymorphism was found and primers designed to flank the polymorphism for PCR 
amplification and detection by gel electrophoresis.  Because they only require PCR (not 
subsequent enzyme digestion) and gel electrophoresis, the insertions and deletions 
(INDELs) in the Cereon Arabidopsis polymorphism collection were chosen in preference 
to the single nucleotide polymorphisms (SNPs).  Also, not all the polymorphisms listed 
in the Cereon database are true polymorphisms, so wild-type Col-0, wild-type Ler, and a 
no DNA control was always used first to test the primer set before amplifying mapping 
population samples. 
 
 
3.7.4  Construction of Double Mutants 
  
 Double mutants were constructed by crossing the strains of interest and letting 
the F1 plants self.  Plants displaying only one of the parental phenotypes were collected 
from the F2 population and allowed to self.  Plants with a novel trichome phenotype 
were selected as the putative double mutants from the F3 population.  Putative double 
mutants are in the process of being confirmed by complementation tests with each of 
the original parents.   
 
 
3.7.5  Cellulose Analysis 
  
 Rosette leaves were cut 36 days after planting from healthy green plants grown 
on soil with 12 plants per tray evenly spaced to prevent crowding.  Four plants worth of 
rosette leaves amounting to 40-90mg was used for each replicate.  The cellulose 
content of rosette leaves was determined by the Updegraff method (1969).  Cellulose 
from Sigma was used as the standard.   
 
 
3.7.6  Microscopy 
  
 Dissection scope images were taken using a Nikon SMZ-U dissection scope 
equipped with a SPOT Insight color digital camera.  See the Materials and Methods 
section (Plant Strains and Growth Conditions) of Chapter 2 for other microscopy 
materials and methods. 
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CHAPTER 4.  SUMMARY 
 
 The purpose of the research presented in this dissertation is to better understand 
how CPR5 acts in the plant and the role of CPR5 in trichome development.  From that 
work presented mostly in chapter 2, work towards understanding the roles of other 
genes involved in trichome development emerged as shown by the work presented in 
chapter 3.  To avoid redundancy, this summary chapter will give a synopsis of chapters 
2 and 3 with some direction for future work without specific research details.  Shown in 
Figure 4.1 is a model for the genetic interactions described in chapters 2 and 3. 
From the work presented in chapter 2, there is a clear role for CPR5 in polar cell 
expansion throughout the root and shoot of an Arabidopsis plant.  A proposed 
mechanism of action for CPR5 in expanding cells is for CPR5 to coordinate the 
peroxide-mediated secondary wall differentiation within the overall course of cell 
expansion.  In the absence of CPR5 function, the production of peroxide may be 
triggered too soon causing an arrest in cell expansion prior to the cell acquiring the 
ability to assemble a fully-developed secondary cell wall.  Structural proteins within the 
cell wall cross-link as a result of the peroxide production in cpr5 plants preventing the 
cells from further expansion.  Oxidative crosslinking of cell wall structural proteins is 
known to occur in plants with hydroxy-proline-rich and proline-rich glycoproteins 
abundant with tyrosine (Bradley et al. 1992; Varner and Lin, 1989).  Furthermore, 
hydrogen peroxide is involved in secondary cell wall formation in cotton fibers (Potikha 
et al. 1999).  In the case of cpr5 trichomes, the oxidative crosslinking of cell wall 
structural proteins may prevent the full expansion of the trichomes and not allow the 
deposition of a secondary cell wall. 
Analysis of cpr5 double mutants shows a role for CPR5 in trichome development 
downstream of trichome initiation, acting closely with TRY and NOK.  The reduced 
birefringence and cell expansion of cpr5 trichomes is maintained in all the double 
mutants in which the other gene is not clearly epistatic to CPR5.  If the other mutation 
does not act upstream of or cannot compensate for the proposed oxidatively crosslinked 
cell wall structural proteins in cpr5 trichomes then the double mutant trichomes would 
be expected to have reduced expansion and be glassy.  The synthetic double mutant 
phenotypes of cpr5 try and cpr5 nok with small, glassy trichomes with reduced 
branching similar or more severe than cpr5 trichomes give further support for the 
proposed mode of action for CPR5.  Such synthetic or more severe double mutant 
phenotypes as seen for cpr5 try and cpr5 nok is indicative of the genes involved to be 
acting very closely in the same process with for expample CPR5 being structural and 
TRY and NOK being regulatory.  With TRY encoding a transcription factor, a regulatory 
role makes sense.  Although an unknown protein, from the reduced birefringence, 
reduced cell expansion, and reduced cellulose levels in cpr5 plants, CPR5 could be 
involved in the deposition of cellulose or other cell wall material in the formation of the 
trichome secondary cell wall and hence could be considered structural.  It is still not 
known what NOK encodes but there is genetic evidence to suggest it has a regulatory 
role.  NOK is dosage sensitive as shown by the sti double mutants.  NOK is similar to 
TRY in its cpr5 double mutant phenotype and nok try shows an additive phenotype 
suggesting NOK and TRY act in separate pathways in similar ways.  The differences 
between nok and try trichomes is nok trichomes are glassy, not larger than wild-type  
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trichomes, and occasionally have a yellow tint.  The yellow tint, also seen in nok-gb try-
JC and nok-gb dft, could indicate cell death in those trichomes.  It is important to note 
that in the absence of CPR5, TRY promotes cell expansion, an opposite role previously 
shown for TRY.   
The glassy trichome mutant, DFT, identifies a novel gene involved in trichome 
development.  Mutant dft trichomes look very similar to tbr trichomes in that they are 
glassy with reduced birefringence and do not appear to affect any other aspect of 
trichome differentiation.  However, dft trichomes also have collapsed cell walls making 
the trichome branches ribbon-like.  It is not known whether the collapse of the cell walls 
is due to death of the cell or to a compromised cell wall.  Unlike tbr, dft leaves do not 
have less cellulose than wild-type leaves.  So, if the cell wall collapse is due to a 
compromised cell wall, it is not due to a reduction in the major load bearing polymer 
cellulose.  Double mutants with known trichome mutants suggest that DFT is not 
required for trichome initiation, branching, or expansion.  Along with TBR, DFT might be 
involved in trichome secondary cell wall formation.   
 Taking into account tbr, cpr5, nok, and dft, there is a correlation between the 
glassiness of the trichomes and those trichomes showing reduced birefringence.  The 
reduced birefringence is indicative of either a structural or composition change in the 
trichome cell wall.  Trichomes on nok and dft leaves have reduced birefringence, but 
leaves have normal levels of paracrystalline cellulose.  So for nok and dft there is not a 
correlation between trichome cell wall birefringence and the amount of cellulose in the 
leaf cell walls.  While cellulose is the predominant carbohydrate polymer of cell walls, 
there are other carbohydrates and proteins that could be lacking to account for the 
reduction in birefringence.  There also remains the possibility that the way the cellulose 
is laid down or some other structural alteration is the cause for the reduced 
birefringence seen in the glassy trichomes. 
 The yellow tint of some trichomes on nok, nok-gb dft, and nok-gb try could 
indicate cell death.  The collapse of the dft trichome cell walls could also indicated cell 
death.  This adds yet another layer of complexity to the reduced birefringence observed 
in tbr, cpr5, and nok trichomes.  Perhaps the composition and architecture of the 
trichome cell walls in tbr, cpr5, nok, and dft are normal but secondary cell wall formation 
has not been completed due to premature cell death so the trichomes have a glassy 
appearance and have reduced birefringence.  The reduction of paracrystalline cellulose 
in tbr and cpr5 would then represent the lack of a secondary cell wall in the trichomes 
and in the xylem of tbr (Potikha and Delmer, 1995).  This being a consequence of 
premature cell death.  Kirik et al. (2002) were the first to propose a role for CPR5 in cell 
death.  With further experimentation and identification of TBR, NOK, and DFT, the cell 
death hypothesis might be expanded to include all four of these genes in trichome cell 
death. 
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APPENDIX 1: LIST OF TRICHOME MUTANTS 
 
Mutant Trichome Phenotype Other Phenotype                                      
 
gl1-1 glabrous N.O. 
 
gl2-p1 abortive, expand within epidermal plane, N.O.  
 spikes & occasionally 2-branched on edge of leaf 
 
gl3-1 un-,2-(pd),3-branched, thin,  N.O. 
 reduced endoreduplication (~8C) 
 
try-JC extra-branched, larger,  N.O. 
 increased endoreduplication (~64C+) 
 
sti-AS long spikes N.O. 
 
zwi-4 2-branched w/ wide angle b/t branches, N.O. 
 branches oriented parallel to leaf axis 
 
cpr5-1 un-(pd),2-,3-branched, glassy, loss of apical dominance, dwarfed, 
 reduced endoreduplication (~16C) early senescing cotyledons, 
  constitutive pathogen resistance, etc. 
 
cpr5-2 un-,2-(pd),3-branched, glassy, early senescing cotyledons, 
 reduced endoreduplication (~16C) constitutive pathogen resistance, etc. 
   
tbr glassy (clearer), WT-branching, less cellulose N.O. 
 
nok-122 extra-branched, glassy, slightly dominant allele N.O. 
 
nok-gb (GB 01-31) extra-branched, glassy, slightly dominant allele N.O. 
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Mutant Trichome Phenotype Other Phenotype                                      
 
nok-9310-11 extra-branched, glassy N.O. 
 
deflated trichomesa extra-branched, glassy, walls collapse glassy leaf epidermal surface, some 
  leaves with slight upward curl 
 
GB 01-95 3-br and 4-br, some 2-br, wide angle between N.O. 
 branches (similar to zwi but branches are not  
 oriented parallel to leaf axis) 
  
sim multicellular, extrabranched, often paired N.O. 
 
cpr5-1 gl1-1 glabrous early senescing cotyledons 
 
cpr5-1 gl2-p1 like gl2-p1 but smaller on edge of leaf early senescing cotyledons 
 
cpr5-1 gl3-1 like gl3-1 early senescing cotyledons 
 
cpr5-1 try-JC tiny, glassy, reduced branching, increase in # of  early senescing cotyledons 
 clusters, increased number of trichomes in  
 clusters, increased % of trichomes in clusters,  
 increase # of trichomes in a cluster, reduced 
 endoreduplication (~8-16C) 
 
cpr5-1 sti-AS spikes like sti-AS but ~1/2 the size, glassy early senescing cotyledons 
 
cpr5-1 zwi-4 glassy, spikes very similar to cpr5-1 sti-AS early senescing cotyledons 
 
cpr5-1 tbr very similar to branching (very few spikes) of cpr5-2,  early senescing cotyledons 
 glassy and flexible like tbr 
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Mutant Trichome Phenotype Other Phenotype                                      
 
cpr5-1 nok-122 tiny, glassy, branching difficult to see, but some are early senescing cotyledons, 
 unbr.,2-br, 3-br, branch tips rounded seedling small like cpr5-1 
 
cpr5-2 gl1-1 glabrous early senescing cotyledons 
 
cpr5-2 gl2-p1 like gl2-p1 but smaller on edge of leaf early senescing cotyledons 
 
cpr5-2 gl3-1 very difficult to distinguish from either single mutant early senescing cotyledons 
 
cpr5-2 try-JC tiny, glassy, reduced branching, increase in # of  early senescing cotyledons 
 clusters, increased number of trichomes in  
 clusters, increased % of trichomes in clusters,  
 increase # of trichomes in a cluster, reduced 
 endoreduplication (~8C) 
 
cpr5-2 sti-AS spikes like sti-AS but ~1/2 the size, glassy early senescing cotyledons 
 
cpr5-2 zwi-4 glassy, spikes very similar to cpr5-2 sti-AS early senescing cotyledons 
 
cpr5-2 tbr cpr5-2 like, glassy like tbr early senescing cotyledons 
 
cpr5-2 nok-122 ½ size of cpr5-2, glassy, unbr. & 2-br., few 3-br. early senescing cotyledons 
 
cpr5-2 nok-gb ½ size of cpr5-2, glassy, unbr. & 2-br., few 3-br. early senescing cotyledons 
 
cpr5-2 GB01-95 glassy, wide angle between branches (similar to zwi early senescing cotyledons 
 but branches are not oriented parallel to leaf axis),  
 2-br (pd), some unbr. & 3-br. 
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APPENDIX 1 cont. 
 
Mutant Trichome Phenotype Other Phenotype                                      
 
tbr try-JC extra-branched & clustered like try-JC,  N.O. 
 glassy like tbr 
 
tbr sti-AS sti like spikes, glassy like tbr, some collapsed walls N.O. 
 (very similar to 02-139-1 sti-AS collapsed) 
 
tbr zwi-4 zwi like, glassy like tbr, some collapsed walls N.O. 
 
tbr nok-122 nok-122 like, glassy like tbr N.O. 
 
nok-gb gl2-p1 like gl2-p1 N.O. 
 
nok-gb gl3-1 like gl3-1 N.O. 
 
nok-gb try-JC tiny, glassy, clustered, extra(5,6)-branched, N.O. 
 occasional (1-5 per leaf) nok-gb size on edge of  
 leaf, yellowish ‘dead’ cells  
 
nok-gb sti-AS glassy, shorter than sti trichomes, some spikes,  N.O. 
 some 2-branched w/ one branch very short (pd on 
 later leaves), yellowish ‘dead’ cells 
 
nok-gb zwi-4 glassy, branching similar to zwi but trichomes are N.O. 
 smaller, yellowish ‘dead’ cells 
 
nok-gb nok-122 indistinguishable from either single mutant N.O. 
 
nok-gb nok-9310-11 indistinguishable from either single mutant N.O. 
       same true for nok-122 nok-9310-11 
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Mutant Trichome Phenotype Other Phenotype                                      
 
nok-gb dft walls collapsed, tiny – difficult to see branching, but  N.O. 
 later leaves show extra-branched (5+), yellowish  
 ‘dead’ cells, flexible 
 
dft gl2-p1 like gl2-p1, but some abortive cells are sunken into glassy leaf epidermal surface, 
 the leaf, some collapsed walls and branched some leaves with slight upward 
 on edge of leaf curl 
 
dft sti-AS collapsed walls, glassy, sti like spikes N.O. 
 
dft zwi-4 zwi like, glassy, collapsed walls N.O. 
 
a  deflated trichomes is abbreviated dft 
pd, predominant; N.O., none observed. 
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APPENDIX 2: STATUS OF MUTANTS ISOLATED IN cpr5-2 MODIFIER SCREEN 
 
Original Seed Book # Status Seed book # for Status  
 
00-137 selfed 00-858,860, 861, 862, 864, 865 
               
00-13801-95 1st bx of sm to ColWT 02-45,46, 47  
 
00-159 selfed 00-528 to 00-531 
   
00-167 dm x to ColWT 02-63 
 
00-176 selfed 00-810 
   
00-181 (00-709) dm x to ColWT 02-89 
  
00-187 selfed 00-596 to 00-599 
   
00-189 1st bx of sm to ColWT 02-48,77, 78,79 
        
00-209 selfed 00-822 to 00-827 
   
00-266try 1st bx of sm to ColWT 02-62,86, 87,88  
         
00-268  selfed 00-1104    
 
00-269 selfed 00-1105 
    
00-275zwi 1st bx of sm to ColWT 02-96,97, 98 
         
00-276 dm x to ColWT 02-92 
  
00-278ttg 1st bx of sm to ColWT 02-43,71, 72,73  
   
00-282 selfed 00-1247 
   
00-291 selfed 00-1225 
    
00-294gl2 1st bx of sm to ColWT 02-49,80, 81,82 
         
00-296  dm x to ColWT 02-67 
  
00-297  dm x to ColWT 02-95 
 
00-299gl2 1st bx of sm to ColWT 02-44,74, 75,76  
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APPENDIX 2  cont. 
 
Original Seed Book # Status Seed book # for Status  
 
00-309 1st bx of sm to ColWT 02-50,83, 84,85 
        
00-312 dm x to Col WT selfed 01-27,28, 29 
   
00-316sti 1st bx of sm to ColWT 02-58,59, 60,61         
    
00-334 dm x to Col WT selfed 00-293,294, 295,296 
   
00-335 selfed 00-1237 
 
00-337nok 1st bx of sm to ColWT 02-40,41, 42 
         
00-338 1st bx of sm to ColWT 02-51,52, 53,54        
 
sm, single mutant; dm, double mutant; pd, predominant; x, crossed; bx, backcrossed 
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APPENDIX 3: BULKED SEGREGANT ANALYSIS MARKERS 
 
    Col-0    Ler        Marker Col-0  Ler  PCR annealing 
  Marker a   (bp)   (bp) Replacement b  (bp) (bp)             Primers c temperature d    Gel 
 
 1A F21M12 200 ~160     GGCTTTCTCGAAATCTGTCC 54˚C 4% TBE 
        TTACTTTTTGCCTCTTGTCATTG 
 
 1B ciw12 128 115    AGGTTTTATTGCTTTTCACA 50˚C 4% TBE 
        CTTTCAAAAGCACATCACA 
 
 1C ciw1 159 135    ACATTTTCTCAATCCTTACTC 50˚C 4% TBE 
        GAGAGCTTCTTTATTTGTGAT 
 
 1D nga280 105  85 F14J16a IND1 626 580 CAAAACCTAAAAAAACTCGAACAAA 52˚C 2% TAE 
        CGAAGAAGAATAAGAACAAAGATGC 
 
 1E nga111 128 162 F28P22a IND1 692 647 TCACAAGTCCCATTTCGTCC 56˚C 2% TAE 
        GGTGTTTTGCTTTCTCTGGTCT 
 
 2A ciw2 105  90    CCCAAAAGTTAATTATACTGT 50˚C 4% TBE 
        CCGGGTTAATAATAAATGT 
 
 2B ciw3 230 200    GAAACTCAATGAAATCCACTT 50˚C 3% TAE 
        TGAACTTGTTGTGAGCTTTGA 
 
 2C nga1126 191 199    GCACAGTCCAAGTCACAACC 56˚C 3% TAE 
        CGCTACGCTTTTCGGTAAAG 
 
 2D nga168 151 135 T6A23 IND1 739 676 AACGCAGCTCCTCCGACTAT 56˚C 2% TAE 
        AGACCTGGCGATTGTGATGC 
 
 3A nga162 107  89 MDC16a IND1 312 294 GGAGTGGCCTCGTGTAGAGAA 56˚C 3% TAE 
        CGCTACTTCCACTTAGACTCATCATC 
 
 3B ciw11 179 230    CCCCGAGTTGAGGTATT 50˚C 4% TBE 
        GAAGAAATTCCTAAAGCATTC 
 
 3C ciw4 190 215    GTTCATTAAACTTGCGTGTGT 52˚C 4% TBE 
        TACGGTCAGATTGAGTGATTC 
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APPENDIX 3 cont. 
 
    Col-0    Ler        Marker Col-0  Ler  PCR annealing 
  Marker a   (bp)   (bp) Replacement b  (bp) (bp)             Primers c temperature d    Gel 
 
 3D nga6 143 123    ATGGAGAAGCTTACACTGATC 52˚C 4% TBE 
        TGGATTTCTTCCTCTCTTCAC 
 
 4A ciw5 164 144    GGTTAAAAATTAGGGTTACGA 50˚C 4% TBE 
        AGATTTACGTGGAAGCAAT 
 
 4B ciw6 162 148 T6G15a IND1 324 345 AATAGAAAACCTCATCGGGC 54˚C 3% TAE 
        TCGTAGATACGGGGACTTGC 
 
 4C ciw7 130 123    AATTTGGAGATTAGCTGGAAT 52˚C 4% TBE 
        CCATGTTGATGATAAGCACAA 
 
 4D nga1107 150 140    CGACGAATCGACAGAATTAGG 56˚C 4% TBE 
        GCGAAAAAACAAAAAAATCCA 
 
 5A CTR1.2 159 143    CCACTTGTTTCTCTCTCTAG 56˚C 4% TBE 
        TATCAACAGAAACGCACCGAG 
 
 5B ciw8 100 135    TAGTGAAACCTTTCTCAGAT 50˚C 4% TBE 
        TTATGTTTTCTTCAATCAGTT 
 
 5C PHYC.3 207 222    CTCAGAGAATTCCCAGAAAAATCT 54˚C 4% TBE 
        AAACTCGAGAGTTTTGTCTAGATC 
 
 5D ciw9 165 145    CAGACGTATCAAATGACAAATG 52˚C 4% TBE 
        GACTACTGCTCAAACTATTCGG 
 
 5E ciw10 140 130 MSL3a IND1 616 588 TTTTGAAGCTCGTCTCTGTCC 56˚C 2% TAE 
        AAAATCCCACCGACACTCTG 
 
 a Marker as described by Lukowitz et al. (2000). 
 b Markers designed in the same region as for the marker to the left described by Lukowitz et al. (2000) using the Cereon database and TAIR by 
 Ginger Brininstool.  F14J16, F28P22, T6A23, MDC16, T6G15, and MSL3 are BAC clones.  IND refers to the polymorphism being an insertion or 
 deletion (INDEL). 
 c Primers amplifying the right-most marker listed.  The forward primer is listed first with the reverse primer beneath it. 
 d These are approximate annealing temperatures which worked at least once.  PCR runs had a 30-45 second extension time at 72˚C, 2mM MgCl2. 
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